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The JSR is a radio wave emitted from the relativistic electrons in the
Jovian radiation belt at a frequency range between about several tens MHz
and 22 GHz, which has information of dynamics of high energy particles and
electromagnetic disturbances in the Jovian inner magnetosphere.
A steady observation of the JSR has been started at a frequency of 2295
MHz since 1971. From this observation, It had been recognized that the
JSR flux varies with time scale of more than 10 years. However, recently,
several research groups have confirmed existence of the variations with the
time scales of days to weeks. Now, the existence of the JSR flux short-term
variation is determinant.
The observations of the JSR flux at high frequencies, such as 1.5 and
2.3 GHz, have been made with both long and short-term. On the other
hand, the JSR flux observation at lower frequencies have not been generally
made except in some campaigns such as the SL9 impacts to Jupiter. This
is mainly because the intensity of galactic background radiation is dozens of
times higher than that of the JSR at low frequencies, and the evaluation of
the background confusion is not easy. As a result, variation characteristics
at high frequencies have been cleared to some extent by many observations
particularly at 1.5 and 2.3 GHz, but the variation characteristics at low
frequencies below 1 GHz have been little known yet.
In this thesis, we focus on low frequency characteristics of the JSR. An
observation of the JSR gives information on the electron flux variation at
the energy corresponding to the frequency. Therefore, the lack of the JSR
observations at low frequencies has obstructed our understanding on the
dynamics and energetic of relativistic particles in the Jovian radiation belt.
We therefore purpose to elucidate characteristics of the JSR flux variation
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at a frequency of 327 MHz and reveal unknown dynamics of several MeV
electrons.
The regular observations of the JSR have been made at a frequency of
327MHz since 1994 by using parabolic cylinder antennas at the Kiso and Fuji
observation sites of the Solar Terrestrial Environment Laboratory (STEL),
Nagoya University. These systems have some instrumental advantages for
the observation of the JSR; i.e., high sensitivity and narrow beam width.
However, the observed JSR flux includes apparent variation due to inevitable
system gain and receiver temperature variations of the radio receiving system.
On the JSR flux observations using the STEL systems at 327 MHz, we
have taken account of the followings to derive the JSR flux as accurate as
possible: 1)elimination of large galactic background noise (BG) and 2)eval-
uation for the variations of system gain and temperature. Concerning the
first term, we have made two step observations to derive the JSR flux; at
the first step we observed Jupiter, and at the next step we observed the
same celestial position again after Jupiter’s movement. By subtraction of
the both observation data, we could derive the only JSR flux. Concerning
the second term, we have made quasi-simultaneous observations for Jupiter
and a reference calibration source using the fast beam switching function of
the STEL systems. By using the two data sets for Jupiter and the reference
calibration source, we could eliminate effect of system temperature variation
and evaluate system gain variation. The observation using the STEL system
gives the JSR flux as a relative value to the flux of a reference calibration
source. In order to derive absolute flux of JSR, we have estimated absolute
flux of the reference calibration source using the IPRT, Tohoku University
which enables to derive absolute radio flux with the self-calibration function
for the system gain and temperature. Thus, we could derive absolute JSR
flux successfully.
From this analysis, we can obtain characteristics of short-term and long-
term JSR flux variations. Characteristics of the short-term variations and
their expected causalities are summarized as follows.
• The JSR flux shows large amplitude variations of 2 ∼ 9 Jy typically
and varies 2 ∼ 3 Jy within a few days.
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• These amplitude variations are much larger than those at 2295 MHz
for the same observation terms. This difference of JSR flux variations
between high and low frequencies can’t be explained by the simple
radial diffusion process. To explain the difference, it may be needed to
consider other acceleration mechanisms that have energy dependence
of relativistic electron.
• It has been suggested that the JSR short-term flux variation is related
to solar F10.7 flux at 2295 MHz. However, it seems that the relation
between the JSR flux and solar F10.7 flux variations isn’t obvious at
327 MHz particularly at low F10.7 flux, and this is the same for solar
wind variations. This result suggests that some causalities other than
solar / solar wind variations generate the large and rapid flux variations
of several MeV electrons radiating the JSR at 327 MHz.
• An event with rapid and unusual enhancements of JSR flux intensity
was confirmed on July 15, 1998 (JST). The flux was about 9 times larger
than usual JSR flux values and the duration was less than 2 days. A
conceivable cause of this enhancement is a local particle acceleration/
dissipation occurred only in the innermost part of the radiation belts.
Though such processes have not been confirmed yet, an investigation of
expected localized variable radiation regions might be one of the future
observation targets.
The characteristics of long-term variations are also derived for 1994 - 2005.
The characteristics of the long-term variations and their expected causalities
are summarized as follows.
• Yearly average fluxes roughly show a decreasing trend from 1994 to 1998
and an increasing trend from 1999 to 2004. The JSR flux observations
at 2295 MHz for 1994 - 2001 also indicated similar trends to those at
327 MHz. A simple correlation analysis between the JSR flux and solar
F10.7 / solar wind parameters infers that the both factors influence on
the JSR flux variations at least when either factor is intense enough to
cause the variations.
• There was one clear difference in the long-term trend for 1994 - 1998
between the observation results at 327 MHz and 2295 MHz: the flux
of 327 MHz increased while the flux of 2295 MHz decreased in 1996.
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One possible explanation of the difference is as follows. The variation
features at low and high frequencies infer that some enhanced particle
accelerations affecting for relativistic electrons with a wide energy range
might occur between the 1995 and 1996 observation periods, and the
difference might be caused by the energy dependent loss process, such
as the synchrotron radiation loss.
In this study, we indicated possibilities of existence of an acceleration
mechanism which depends on the energy of relativistic electrons and a loss
mechanism which causes the rapid JSR flux decrease within a few days. To
confirm the existence of this acceleration mechanism, we need to observe the
JSR flux spectrum because difference the frequency of JSR flux reflects the
difference of contributed electron energy. Moreover, to confirm the existence
this loss mechanism, a steady observation with the time resolution of within 1
day at a wide frequency range is needed. We expect future progress of study
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The solar system consists of the Sun, the eight planets, the dwarf planets
and a number of asteroids (At The Internal Astronomical Union’s general
meeting in August, 2006, it was decided that Pluto is described as a dwarf
planet). The eight planets in our solar system are divided into two types.
One is the Earth type planet including Mercury, Venus, Earth and Mars.
These planets are composed mainly of rock and metals and have relatively
high mass densities, no ring and few moons. It is also one of the character-
istics that the diameter are less than 13,000 km. The other is the Jupiter
type planet including Jupiter, Saturn, Uranus and Neptune. Those planets
composed primarily of hydrogen and heliums and have low mass densities,
rings and lots of moons. These are large size planets which have diameters
greater than 48,000 km. In Jupiter type planets, Jupiter is a largest one.
Jupiter’s equatorial radius is about 71,492 km and mass is about 1.9 ×1027
kg which is more than twice as massive as all the other planets combined.
The rotation period is 9h55m29.711s (System III rotation period). Jupiter
has a far stronger magnetic field than Earth’s whose magnetotail extend be-
yond the orbit of Saturn. The magnetic moment is 4.2 Gauss·Rj 3 (where 1
Rj =71492 km is the radius of Jupiter) and 20,000 times as large as that of
Earth. Jupiter also has four large Galilean moons (Io, Europa, Ganymede,
and Callisto) and many smaller moons, whose orbits are inside the mag-
netosphere. In particular, Io has many volcanic calderas and some of the
volcanoes are active, generating Io plasma torus around Jupiter. The heavy
plasma which consist various charge states of S and O inflates the magneto-
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sphere from the combined actions of centrifugal force and thermal pressure
and is responsible for generating an azimuthal current in the equatorial re-
gion of Jupiter’s magnetosphere. Therefore, Jupiter’s magnetosphere shows
different environment greatly with that of Earth.
In 1973, Pioneer 10 visited Jupiter first and later Pioneer 11, Voyager 1,
Voyager 2, Ulysses, Galileo, Cassini and New Horizons visited. Additionally,
the Hubble Space Telescope has observed and provided higher resolution
image data from outer space. In particular, Galileo orbited Jupiter from
1996 to 2003 and obtained detailed data about Jupiter’s magnetosphere. Al-
though these spacecraft and telescope supplied Jupiter’s information, Jupiter
has some issues that remain unresolved yet. Currently, some projects have
progressed as Telescope Observatory for Planets on Small-satellite (TOPS)
which is space telescope orbited the earth developed by JAXA or The Jupiter
Polar Orbiter (Juno) which is announced by NASA and proposes to place in
a polar orbit around Jupiter to investigate such as the origin of the Jupiter’s
magnetic field.
1.2 Observation of Jupiter
In the late 1960’s, the investigation of the solar planets was evolved. The
project of Jupiter’s in-situ observation was also considered, however, two
problems were needed to be solved. One was the collision with pieces of
space debris. The particles in the inner solar system drive so fast that those
particles cause damage to spacecraft. The other was Jupiter itself which has
the strong magnetic field. There is a possibility that the particles trapped in
Jupiter’s strong magnetospheric field cause damage to spacecraft.
Pioneer 10 (see Figure 1.1) which approached Jupiter for the first time
was launched in 1972 and, following that, Pioneer 11 was launched in 1973.
Those spacecraft also had an important task to confirm whether the function
of the spacecraft operated normally when they crossed the asteroid region or
Jupiter’s magnetosphere. Although they had damage during passage of the
asteroid region, they were nearly broken by the particles trapped in Jupiter’s
strong magnetic field line. The observation results were referred to design
and planning of the following Voyager missions.
Voyager 1 and 2 (see Figure 1.2) were launched in 1977 and closed to
Jupiter on March 5 and July 9 in 1979, respectively. Those spacecraft’s tra-
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Figure 1.1: Image of Pioneer 10 (http://quest.arc.nasa.gov/sso/cool/pioneer10/mission/).
jectories were determined using Grand Tour which is to change a trajectory
using the gravity of a planet and make a flight farther out to the solar sys-
tem. By these two probes, the knowledge of four outer planets (Jupiter,
Saturn, Uranus and Neptune) were widened significantly. It was revealed
that thunder and aurora occur in Jupiter and Jupiter’s moon Io has volca-
noes in eruption which influence condition of Jupiter’s magnetosphere.
Galileo was launched from the cargo bay of Space Shuttle Atlantis in
1989. It was composed of the Jupiter orbiter and the atmospheric probe
and had observed Jupiter until being passed into Jupiter and disintegrated
in the atmosphere in September, 2003. Galileo was the first to measure
Jupiter’s atmosphere with a descent probe and the first to conduct long-term
observations of Jupiter’s system from the orbit. It revealed the intensity of
volcanic activity on Io. Ulysses, Cassini, and New Horizons also approached
Jupiter at fly-by and proved important data. The detailed data revealed by
in-situ observation of radiation belts follows Section 2.1.
1.3 Jupiter’s magnetosphere
Characteristics of Jupiter’s magnetosphere have been disclosed by mea-
suring the magnetic field. Jupiter’s strong magnetic field and fast rotation
create the unique magnetosphere in the solar system. Jupiter’s magneto-
sphere is divided into inner (< 10 Rj ), middle (10-40 Rj ) and outer (>
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Figure 1.2: Image of Voyager (http://nssdc.gsfc.nasa.gov/planetary/voyager.html).
40 Rj ) regions. In Figure 1.3, a schematic of Jupiter’s magnetosphere is
shown.
In Jupiter’s inner magnetosphere, main parts of the radiation belt and
Io plasma torus are formed at a distance of < 5 Rj and between ∼ 5.2 Rj
and ∼ 10 Rj , respectively. Io is the main source of plasma in Jupiter’s
magnetosphere and this heavy plasma is composed of mainly various charge
states of S and O ions (Bagenal and Sullivan [1981], Bagenal et al. [1985]
and Scudder et al. [1981]). The torus is divided into an inner cold region
and outer warm region. In the plasma torus, the warm and cold plasma are
confined to the centrifugal equator and the iogenic plasma diffuses outward
under the stress of centrifugal force while the more energetic plasma from
Jupiter’s plasmasheet diffuses inward. Chapter 2 provides further details on
the inner radiation belts.
In the middle magnetosphere, the plasma corotation with Jupiter’s mag-
netospheric field is collapsed because the poorly conducting ionosphere doesn’t
import sufficient angular momentum to the outflowing plasma. The current
sheet which extends near the equatorial plane of Jupiter creates magnetic
field perturbations which are comparable in magnitude to the internal field
beyond a radial distance of ∼ 20 Rj . It is expected that this current sheet
has a complex structure because the solar wind dynamic pressure, the parti-
cle thermal pressure, and the centrifugal force are hostile to one another in
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Figure 1.3: A schematic of Jupiter’s magnetosphere showing the noon-midnight
meridian (top) and the equatorial cross section (bottom) (Khurana et al. [2004]).
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determining the location (Khurana et al. [2004]).
In the outer magnetosphere, the dayside magnetopause changes the dis-
tance from ∼ 45 Rj to 100 Rj depending on the solar wind dynamic pres-
sure(Joy et al. [2002]). In the nightside outer magnetosphere, the current
system, called the magnetotail current system, exists that connects the mag-
netodisc current to the magnetopause currents and spreads to the orbit of
Saturn (> 7000 Rj ). The magnetospheric regions above and below the
current sheet are known as lobes where plasma and currents decrease.
1.4 Radio emission from Jupiter
It is understood from in situ observations that Jupiter radiates strong
emissions at various wavelengths. Figure 1.4 shows spectrum of radio waves
from the Jovian magnetosphere. Jupiter’s radio emissions are divided into
4 major groups according to frequency: decimetric radiation, decametric
radiation, hectometric radio emission, and kirometric emission.
The emission at frequency from a few MHz to ∼ 40 MHz is decametric
radio emission (DAM). It has been shown that occurrence of DAM has related
to Io phase angle and System III longitude, that is, configuration of Jupiter’s
magnetic field. In DAM, the emission whose source is related to the orbital
position of Io is called Io-DAM and the other one is called non-Io-DAM.
The emission at frequency from ∼ 200 kHz to a few MHz is hectometric
radio emission (HOM). Broadband kirometric emissions (bKOM) is emitted
in the frequency range from ∼ 10 KHz to 1 MHz and narrow band kirometric
emissions (nKOM) is emitted in the frequency range of 100 - 200 kHz. Io-
DAM, HOM, and bKOM are emitted from Jupiter’s polar region (Ladreiter et
al. [1994]) like a hollow cone and the source regions are on the magnetic field
lines of L ∼ 6, 7 ∼ 9 and > 10, respectively (see Figure.1.5). nKOM is emitted
from the Io plasma torus at local plasma frequency. Decimetric radiation
(DIM) of Jupiter is composed of thermal and non thermal emissions. The
later component is known as the Jovian synchrotron radiation (JSR). JSR
is the radiation at a frequency range between about several tens MHz and
22 GHz and generated by the synchrotron radiation process of relativistic
electrons trapped in the Jovian radiation belt. The characteristics of JSR
are different from other nonthermal emissions in some points: power, origin
of radio emission and polarization. Those are described in Chapter 2 in
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Figure 1.4: Spectra of Jovian magnetospheric radiations. The power flux is
normalized to constant distance. The spectrum of the Earth’s is also shown as a
comparison with Jupiter (Kaiser [1993]).
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Figure 1.5: Sketch of radio source locations in the Jovian magnetosphere (Zarka
[2000]).
detail.
1.5 Purpose of this thesis
As noted in the previous sections, investigations of Jupiter have been
made with in situ and remote-sensing observations and the characteristics
have been understood gradually. However, there are a number of unknown
characteristics about Jupiter because Jupiter’s information has been still
limited. In particular, it is difficult to increase in situ observations of the
Jovian radiation belt because too energetic particles exist there. So far, a
remote sensing observation with the radio emission, JSR, is a useful method
to research the Jovian radiation belt (see Section 2.1). The problem on ob-
servations of JSR whose radiation flux is relatively weak is that a steady
observation is generally difficult due to limited machine times of large radio
telescopes. Additionally, because the intensity of galactic background radi-
ation is dozens of times higher than that of the JSR at low frequencies, the
observations and analyses at the frequencies have been little made.
In this thesis, we focus on low frequency characteristics of the JSR which
are little known as above reasons. An observation of the JSR gives infor-
mation of the electron flux variation at the energy corresponding to the fre-
quency. 327 MHz JSR emissions are generated by about 6 MeV electrons and
2295 MHz JSR emissions are generated by about 20 MeV electrons mainly.
Therefore the difference of frequency reflects the difference of contributed
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electron energy for generation of the JSR. Variation characteristics at high
frequencies which have information of the high energy electrons have been
cleared to some extent by many observations particularly at 1.5 and 2.3 MHz,
but the variation characteristics at low frequencies below 1 GHz have been
little known yet. The lack of the JSR observations at low frequencies has
obstructed our understanding on the dynamics and energetic of relativistic
particles in the Jovian radiation belt. Therefore, we purpose to elucidate
characteristics of the JSR flux variation at a frequency of 327 MHz and re-
veal unknown dynamics of several MeV electrons. Additionally, from the
difference of characteristics between high and low frequency JSR, we discuss
energy dependent processes in the radiation belt.
We have observed JSR since 1994 to reveal characteristics of the flux
variations especially at the time scales of days to months (short-term) and
years (long-term) at a frequency of 327 MHz. To derive absolute values of the
Jovian radio emission, we have used two large radio telescopes: a parabolic
cylinder antenna of the Solar Terrestrial Environment Laboratory, Nagoya
University, and the Iitate Planetary Radio Telescope, Tohoku University. A
method of subtraction of the galactic background radiation and derivation
of the Jovian radio emission is developed from the observation data of these
telescopes.
From this analysis, we have obtained the flux variations from 1994 to
2005. It is almost first time that flux variations of JSR at a frequency of 327
MHz become clear at both short and long time scales. These characteristics
are different from these of higher frequencies: JSR at 327 MHz shows larger
and more rapid variations. We also considered the difference of characteris-
tics between low and high frequencies using a simplified model. Finally, we
discussed possible variations of particle distribution in the Jovian radiation
belt.
In this thesis, general introduction for Jupiter is described in Chapter 1
and introduction for JSR is described in Chapter 2. The observation sys-
tems of the two radio telescopes and observation methods are introduced in
Chapter 3. In Chapter 4, the newly developed analysis method is described.
Chapter 5 describes the derived results on characteristics of JSR variations at
327 MHz, and Chapter 6 describes the discussions on causes of the variations.
Summaries and conclusions are described in Chapter 7.




2.1 Observation history of the Jovian radia-
tion belt
The existence of the Jovian radiation belts was proposed in the late 1950’s
by observation of emission in 1958 at a wavelength of 10.3 cm which sug-
gests a non-thermal component from Jupiter (Sloanaker [1959], McClain and
Sloanaker [1959]). Subsequently, it was confirmed that the emission at this
wavelength was linearly polarized (Radhakrishnan and Roberts [1960]) and
it became clear that Jupiter was surrounded by trapped energetic electrons
forming the radiation belt.
Since discovery of the Jovian radiation belts, in situ observations have
been made by seven spacecraft. Figure 2.1 shows the orbits of spacecraft
which passed the radiation belt. Most of orbits of the spacecraft other the
Pioneer 10, 11, and Galileo probe were configured so as to avoid the radiation
belts because this region is recognized as one of the most hazardous regions
in the solar system.
The Pioneer 10 and 11 spacecraft which launched in 1972 and 1973 re-
spectively measured energetic particle flux at various energies in the radiation
belt. This results are shown in Figure 2.2 and Figure 2.3. Those results indi-
cate that the Galilean moons and Amalthea contribute to the loss of energetic
electrons. Energy spectrum of high energy electrons observed by Pioneer 10
is also shown in Figure 2.4. Sentman and Van Allen [1976] noted that a
11
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Figure 2.1: The orbits of spacecraft which passed the radiation belts projected
onto the magnetic meridian plain.
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Figure 2.2: Trapped electron fluxes in Jupiter’s inner radiation belts measured
by the UCSD detector on Pioneer 10 (Fillius and McIlwain [1974]).
pancake angular distribution is observed in the region of the radiation belts
for all measured low energy electrons. These results were similar to those
determined for higher energy electrons observed by the Pioneer spacecraft
(Van Allen et al. [1974]) and could be an evidence of inward radial diffusion
and weak synchrotron energy losses outside L = 3.
The Galileo spacecraft and the probe measured energetic particles and
radio and plasma activities in the inner radiation belt. Figure 2.5 shows
results of the high energy particles flux observed with Energetic Particle
Instrument (EPI). EPI data indicates that the fluxes decrease near 2 Rj and
have secondary peak near 1.5 Rj due to the satellite absorption throughout
the inner radiation belts. These results of Pioneer and Galileo are considered
to be important assistance for subsequent studies.
2.2 Physical process in the Jovian radiation
belts
In the radiation belts, the distribution of electrons are affected by vari-
ous processes: radial diffusion, wave-particle interactions, sweeping effect of
Jupiter’s moons, interaction with the rings, synchrotron radiation loss and
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Figure 2.3: Electron and proton fluxes from the UCSD instrument measured
near the closest approach of Pioneer 11 to Jupiter (Fillius [1976]).
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Figure 2.4: Energy spectra of high energy electrons near L = 3 and 4 observed by
Pioneer 10. Measured integral intensities are connected by smooth curves (Baker
and Van Allen [1976]).
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Figure 2.5: Data from Galileo probe EPI instrument. High energy particle
observations in four species/energy channels are shown corresponding to E1(e -
3.2 MeV, p + 42 MeV), P1(e - 66 MeV, p + 42-131 MeV), He(e - 450 MeV,
He 62-136 MeV per necleon), HV(C 110-168 MeV per nucleon, S 210 MeV per
nucleon)(Fischer et al. [1996]).
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atmospheric loss.
Radial diffusion
Brice and McDonough [1973] first suggested that radial diffusion is driven
by ionospheric dynamo winds in the Jupiter’s inner magnetosphere. Then,
some authors have analyzed the radial distribution of the variation belt par-
ticles to estimate the radial diffusion coefficient considering various loss pro-
cesses (e.g. Goertz et al. [1978]).
Wave-particle interactions
In Earth’s radiation belts, it is suggested that whistler-mode wave particle
interactions and Coulomb scattering provide the electron loss process (Abel
and Thorne [1998]). At Jupiter, it is indicated from the Galileo PWS data
that whistler-mode wave are suppressed in the inner Jovian magnetosphere
due to the high magnetic field intensity and low plasma density inside the Io
torus (Bolton et al. [2004]).
Absorption of the Jovian moons and rings
In the Jovian radiation belts, there are four small moons (Metis (L =
1.79), Adrastea (L = 1.80), Amalthea (L = 2.54), and Thebe (L = 3.10)). It
is generally assumed that the particles which collide with Jovian moons are
absorbed when the particles are driven by radial diffusion from a source in
the middle magnetosphere. If the moon is magnetized or highly conducting,
magnetic perturbations can deflect energetic particles and prevent a collision.
Sweeping loss rates are sensitive to the electron energy which controls the az-
imuthal magnetic gradient drift rate and pitch angle. Particles with magnetic
mirror points above or below the moon orbital plane have a much smaller
probability of suffering a collision and leading to a strong pancake shaped
distribution inside the orbits of the moons. For this effects, the synchrotron
emission inside of Amalthea is confined to a region close to the equatorial
plane.
Energetic electrons are also absorbed when they pass through the Jovian
rings. The absorption effect of the rings is throughout to be less important
than the moons. However, their effects should not be disregarded because the
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observation results of Pioneer 11 and Galileo probe represented the possible
absorption related to the ring material (see Figure 2.3 and Figure 2.5).
Synchrotron radiation loss
Energy of relativistic electrons decreases by emitting synchrotron radia-
tion and their pitch angle also decrease. Synchrotron radiation loss is thought
to become the dominant loss mechanism in the high magnetic field region
(L ∼ 1.8).
Loss to the Atmosphere
Electrons are removed due to collisions in the Jovian atmosphere (Abel
and Thorne [2003]).This loss is expected to make the steep drop of electron
flux observed by the Galileo probe.
2.3 Radio emission from the Jovian radiation
belt
In situ observations by Pioneer and Galileo provided important informa-
tion to clarify the driven processes and distribution of high-energy particles
in the Jovian radiation belts. However, information of in situ observation
have limited to understand the full picture of the radiation belts because few
data were obtained by in situ observations. Jovian synchrotron radiation
(JSR) provides an important probe of the inner region of the radiation belts.
The observation of the JSR is an useful method to understand the detail of
this region.
In 1958, emission from Jupiter at a 10.3 cm wavelength was measured
suggesting a non-thermal component. By the late 1960’s it was revealed that
Jupiter’s radio emission were generated by energetic electrons trapped in a
magnetic field (Brice and McDonough [1973]). A steady observation of JSR
has been started since 1971 with NASA Deep Space Network (DSN) on a
month basis. In particular, a number of research institutes had monitored
JSR before, during and after the collision of Comet Shoemaker-Levy 9 (SL9)
impact. Recently, the radio interferometers such as Very Large Array (VLA)
and Australia Telescope Compact Array (ATCA) have made observations
and revealed the spatial distribution.
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2.4 Characteristics of the Jovian synchrotron
radiation
2.4.1 Mechanism of synchrotron radiation
The power and peak frequency of synchrotron radiation for relativistic
electrons gyrating around magnetic field line is derived following steps. In
this section, the CGS-Gauss system is applied
When an electron moves in the magnetic field B and electric field E ,




= −eE − e
c
(v × B) , (2.1)
where m and v are mass and velocity of the electron, respectively, and e
and c are the elementary electric charge and light velocity, respectively. This




= 5.89 × 10−8 v
B⊥
cm. (2.2)
With the gyration motion, a single electron produces a source of radio









B⊥ = 2.80B⊥MHz. (2.3)
If electron velocity is much smaller than light velocity (v ≪ c), a radio
emission at the fundamental frequency is only recognized because radio emis-
sion intensities at higher order frequency are weaken in proportion to (v/c)2n,
where n is the order of harmonics; n = 1, 2, 3 · · ·. As the electron velocity
increases, intensity of radio emission increases at higher order frequency and
finally continuous spectrum is produced. When the electron velocity is nearly




where γ = (1 − (v/c)2)− 12 . The transition of the radio spectrum from v ≅ 0
to v ≅ c is shown in Figure 2.6. The radio emission from a single electron





















Figure 2.6: Transition of radio spectrum from v ≅ 0 to v ≅ c in the time domain
(left side) and frequency domain (right side) (Akabane et al. [1988]).
where E is the kinetic energy of the electron. Figure 2.7 shows the beam
pattern of emission intensity from a single electron. When the beam turns
to observer, νs is changed by the Doppler-shift, and the frequency ν
∗
s and













It is confirmed that the radio wave at a frequency of 1/(2π∆t) = νgγ
2 is
appeared most strongly as is shown by the Fourier transform of the intensity
variation of this radio emission. The frequency called synchrotron critical
frequency νc is defined by 3/2 of the above value,


















Moreover, a frequency spectrum of synchrotron radiation emitted from
an electron with energy E is given by using the modified Bessel function F :
















where α is a pitch angle of the electron.
Figure 2.8 shows shape of the function F . The total power emitted by a




P (ν) dν (2.11)
≅ 6 × 10−22E2B2 sin2 α, (2.12)
where P is in [Watt], E is in [MeV] and B is in [Gauss]. Therefore, the flux
variation of JSR is manifestations of changes in the energy, pitch-angle, and
spatial distribution of the radiation belt electrons.
2.4.2 Beaming curve
Observed flux of the JSR varies with change of central meridian longitude
(CML). This is because a relativistic electron with gyration emits the syn-
chrotron radiation with strong directivity in the direction of motion and there
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Figure 2.8: Theoretical spectrum of synchrotron radiation from a single particle
in linear scale (left) and log scale (right) (Akabane et al. [1988]).
is an angle difference of 10◦ between Jupiter’s magnetic and rotational axes.
Therefore, flux and polarization of JSR show a ten-hour modulation with
CML called beaming curve (Figure 2.9). Total flux density shows two peaks
when the observer’s line of sight is tangent to Jupiter’s magnetic equatorial
plane.
The beaming curve (total flux density:S) can be represented by a Fourier
series expansion of the from
S = A0{1 +
∑
i=1,2...
Ai sin[i(λ + φi)]}, (2.13)
where Ai and φi are variables depending on Jovicentric declination of the
Earth (DE) (Klein et al. [1989]). Roberts [1976] indicated that the beaming
curve is dominated mainly by the emission from relativistic electrons near
1.4 Rj and varies with change of their pitch angle distribution.
2.4.3 Polarization
The JSR consists of some components: random-linear polarization, linear
polarization and circular polarization. Figure 2.9 shows variations of linear
polarization and circular polarization with CML and Figure 2.10 shows the
polarization of synchrotron radiation from a single electron gyrating perpen-
dicular to the magnetic field. The degrees of linear and circular polarization
are roughly 0.25 and 0.01, respectively, but these values vary with Jupiter’s
rotation. The degrees of linear and circular polarization indicate the struc-
ture of the radiation belts and pitch angle distribution of electrons.
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Figure 2.9: Various parameters of the integrated radiation of Jupiter at 21
cm wavelength as a function of observation’s System III longitude (CML). Top
panel to bottom: Total integrated flux density, position angle of the electric vector
measured eastward from north in the sky, degree of linear polarization, degree of
circular polarization, and magnetic latitude of the Earth with respect to Jupiter
(de Pater [1980]).











Figure 2.10: Polarization of synchrotron radiation from a single electron gyrat-
ing perpendicularly to the magnetic field.
2.4.4 Spectrum
The JSR is emitted at a frequency range between about several tens MHz
and 10 GHz. As shown in Figure 2.11, the thermal emission is also included
in the same frequency range. In the lower frequency range of less than 5
GHz, the emission is almost composed of the synchrotron radiation while
the thermal emission is dominant in the higher frequency. The spectrum
of the JSR reflects the energy spectrum of relativistic electrons because the
frequency is determined by the energy of relativistic electrons emitted as
synchrotron radiation.
Galopeau and Gérard [2001] made the multi-wavelength monitoring to
provide the spectral index of the JSR. The observation results were shown
in Figure 2.12. Furthermore, the spectral index was calculated in order to
quantify hardness of the nonthermal radio emission. The spectral index α
was given by
S = aνα (2.14)
where S is the flux density at frequency ν and a is a constant. Figure 2.13
shows results of the spectral index between 1410 MHz and 3300 MHz. The
spectral index varied between -0.7 and +0.2. When the flux is low (≅ 3
Jy) at a frequency of 3300 MHz, the spectral index is steep. On the other
hand, when the flux is high (≅ 5 Jy), the same trend is present although
the slope of the spectral index variation is about twice smaller. However,
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Figure 2.11: Typical radio spectrum of Jupiter from 70 MHz to 30 GHz (black
points and solid line). The spectrum in this frequency range consists of non-
thermal (synchrotron) component, which shown as dashed blue line and thermal
component, which shown as dashed red line (Carr et al. [1983]).
no obvious dependence of the spectral index is shown on the 21.5 cm flux
density. These features suggest that any enhancement of the radial diffusion
and pitch angle scattering tends to be effective for high frequency emission
and that the lifetime of the higher frequency end of the radio spectrum is
shorter than that of the lower frequency, though modeling studies of the
radiation belt might be required to substantiate the processes.
de Pater et al. [2003] reported campain observations using 11 antennas
in order to determine the wide spectrum from 74 MHz to 8 GHz. Figure
2.14 shows the JSR spectrum by observations in July 1994 and September
1998. These results indicated that the difference in spectral shape is caused
by the pitch angle scattering, Coulomb scattering and/or energy degradation
by dust in the Jovian inner radiation belt.
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Figure 2.12: Total nonthermal flux density measured with the Nancay Radio
Telescope between April 1994 and June 1999. The results are given for 21.3, 18.0
and 9.1 cm wavelengths, respectively (Galopeau and Gérard [2001]).
Figure 2.13: The spectral index of the synchrotron radiation versus flux density
at 3300MHz (Galopeau and Gérard [2001]).
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Figure 2.14: JSR spectrum from 74 MHz to 8 GHz measured in July 1994 (blue
circles) and September 1998 (red circles). The red and blue solid lines are the
results of a model simulation (de Pater et al. [2003]).
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Figure 2.15: The 10.4 cm brightness distribution determined for CML = 20◦ .
The scale refers to distance of 4.04 AU (Berge [1966]).
2.4.5 Spatial distribution of JSR
The spatial distribution of JSR was first constructed by Berge [1966]
with observations at the Owens Valley Radio Observatory (Figure 2.15).
This map clearly illustrated the dipolar character of the field with electrons
confined to the magnetic equator. Berge [1966] stated that it was harder
to obtain detailed brightness distribution because there was less information
available. The base-line range was smaller than at 10.4 cm, and there were
no measurments with polar base lines. However this result is similar to
resent results of spatial distribution. Afterward, the Very Large Array (VLA)
and Australia Telescope Compact Array (ATCA) were constructed. The
interferometers contribute to advance brightness distribution study of JSR.
de Pater [1991] derived two dimensional brightness distributions with VLA
at wavelengths of 6 cm, 21 cm and 90 cm and showed the two kinds of flux
density peaks. One of them is main peaks near the magnetic equator. The
other is subsidiary peaks at high latitude regions (see Figure 2.16). Sault
et al. [1997] produced the three dimensional brightness distribution of JSR
with ATCA (see Figure 2.17). Sault et al. [1997] suggested from this result
that most electrons have pitch angle near 90◦ .
Divine and Garrett [1983] developed the first quantitative model of the Jo-
vian radiation belts using the Pioneer and Voyager data. The Divine-Garrett
model did match the Pioneer data remarkably well along the trajectory paths
of this spacecraft. However, the model parameters which are responsible for
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Figure 2.16: Images of total flux of Jupiter’s brightness distribution at wave-
length of 6, 21, and 90 cm (de Pater [1991]).
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FunkeO.,NeidhoeferJ.,PriceR.M.,Kesteven M.,CalabrettaM.,
Figure 2.17: Three-dimensional brightness distributions of the Jovian radiation
belts based on synchrotron radiation observations at 13 cm wavelength (Sault et
al. [1997]).
Figure 2.18: Predicted synchrotron emission at 1.4GHz and CML 200◦ for the
modified Divine-Garrett model for E > 1 MeV. The color scale is linear from 0
(b ck) to 8.74 × 108 Jy/steradi (y llow) (Garrett et al. [2005]).
pitch angles and latitude distributions of electrons inside L < 2.85, were
not determined. By new information from Galileo and ground based radio
emissions, this model was updated (Garrett et al. [2005].) The pitch angle
distribution within L < 4 was improved by two additional components from
the new observations of synchrotron radiation: near the Jovian magnetic
equator and at high magnetic latitude regions. The new model improved to
fit to synchrotron emission observations (see Figure 2.18).
A three-dimensional transport code (Salambô) was built to the Jovian
radiation belts (Santos-Costa et al. [2001]). The model calculated particle
distribution functions as a function of three adiabatic invariants by using the
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Figure 2.19: Omnidirectional differential fluxes in a meridian plane for two
energies resulting from the simulation (Santos-Costa and Bourdarie [2001]).
Fokker-Planck equation out to 6 Rj , for electrons with energies between
100 keV and 300 MeV and with equatorial pitch-angles between 0 and 90◦ .
Some physical processes were also included: local losses due to satellites and
rings, energy friction and pitch-angle distribution due to Coulomb collisions,
energy and pitch angle distributions induced by the synchrotron radiation
process and radial diffusion. Figure 2.19 shows the simulation result (Santos-
Costa and Bourdarie [2001]). Santos-Costa et al. [2001] indicated that local
loss and Amalthea sweeping effect were important loss mechanisms for the
electron radiation belts inside L < 2.0 region.
2.5 Time variations of the JSR flux
2.5.1 Long term variation
A long-term observational program to monitor the time variations of the
JSR has been in progress since April 1971 with NASA Deep Space Network
(DSN) antennas at a frequency of 2295 MHz. This observation reveals that
the JSR shows clear long-term variation with the timescale of about 11 to
12 years and a correlation with solar wind parameters, in particular, solar
wind ram pressure with the time lag of 2 years (Bolton et al [1989]). de
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Pater and Goertz [1994] explained the correlation by model calculation of
radial diffusion effects. In Jupiter, it is thought that the radial diffusion is
driven by the perturbation of the dynamo electric fields originated in the
Jovian ionosphere. Brice and McDonough [1973] suggested that the pertur-
bation is induced by neutral winds in Jupiter’s upper atmosphere/ionosphere
which are driven by solar UV/EUV heating or interaction between solar wind
and the Jovian magnetosphere. de Pater and Goertz [1994] shows the flux
variation of the JSR from the simulation of one-dimensional Fokker-Planck













+ Source − Loss, (2.15)
where f is phase space density of electrons, µ is the first adiabatic invariant,





where k0 is Jupiter’s magnetic dipole moment and Φ is the third adiabatic
invariant. Source is an injection rate of electrons from the outer boundary
and Loss is loss rate composed of synchrotron loss, loss by dust, coulomb
scattering, and pitch angle scattering as a function of L-value. The diffusion
coefficient DLL is given by
DLL = D3L
3s−1 (2.17)
(Brice and McDonough [1973]). They calculated variations of Jupiter’s syn-
chrotron radiation assuming that the electron phase space density imposed
at outer boundary L1 varies in response to variations of solar wind ion den-
sity, ram pressure or thermal pressure. The calculations showed that there
are good correlations both in phase and relative amplitude between Jupiter’s
synchrotron radiation and the solar wind ram pressure, when the electron




where Ns and vs are number density and velocity of the solar wind, respec-
tively. Moreover, from the results and based on the data directly measured
electron distribution at L = 6 by Pioneer 10 and 11, they indicated the 2
years lag time corresponds to the particle transport time from the outer to
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Figure 2.20: The observation results of JSR flux variations using DSN and
solar wind ram pressure. Three lines indicate simulation results of JSR flux time
variation for various diffusion coefficients (de Pater and Goertz [1994]).
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inner magnetosphere by the radial diffusion with the best fitting diffusion
coefficient of D0 = (1.3 ± 0.2) × 10−9s−1 ≅ 0.041year−1 (see Figure 2.20).
Recently, Santos-Costa et al. [2007] explored the origin of long-term flux
variation of JSR at frequency of 2295 MHz using a physical model which
solved the Fokker-Planck equation to determine distributions of radiation
belt particles. A linear relationship between the total radio flux and solar
wind ram pressure for the period of 1970 to 2002 was established and the
maximum correlation was reached when the solar wind ram pressure data
were shifted by about 2.7 years prior to the radio observations. The simula-
tions result is shown in Figure 2.21. The correlation coefficient, associated
with the fit between radio data and simulated radio flux density, are 0.59
for the period 1971-2002, 0.93 for the period of 1971-1972, and 0.83 for the
periods of 1975-1989 and 1992-1995. The model suggested that the solar
wind ram pressure fluctuations can be related to variations of the JSR on
the time scales of months, particularly to the enhancements in total radio
flux observed in 1987, 1988, 1990, and 1994. It was also suggested that the
increase in radio emission in July 1994 was due to the response of the Jovian
magnetosphere to sudden changes in solar wind conditions, in addition to
the impact of Shoemaker-Levy 9 comets. They also suggested that some-
what large differences between observations and simulations for 1972-1975
and 1996-2002 are due to mechanisms other than those considered in their
model.
2.5.2 Short term variation
The flux variations of the JSR with time scales of days or weeks have not
been believed for a long time after the discovery of the JSR except a few
observations reports (e.g., Gérard [1976]). Most of the variations with these
timescales have been regarded as apparent ones due to confusions of the back
ground radio sources or instrumental instabilities (Klein et al. [1972], Carr
et al. [1983], Hood [1993]).
However, recently, several research groups have confirmed existence of the
variations with the time scales of days to weeks using DSN, Goldstone-Apple
Valley radio telescope (GAVRT) (see Figure 2.22), Nancay Radio Telescope
(see Figure 2.12) and a radio telescope of Kashima Space Reseach Center
(NiCT) (Galopeau et al. [1997], Klein et al. [1997], Miyoshi et al. [1999]).
In particular, Miyoshi et al. [1999] showed short-term variations of JSR flux
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Figure 2.21: Simulation results of the long term variation of JSR flux with differ-
ent parameters of particle injection and radial transport. Curve (JSRE) represents
the radio data (Santos-Costa et al. [2007]).
observed at 2.3GHz and proposed a mechanism of this variation based on a
theoretical work by Brice and McDonough [1973] (see section 2.5.1). Miyoshi
et al. [1999] compared the flux variations of JSR with the variations of the
solar F10.7 which is well correlated with solar UV/EUV, and demonstrated
that the JSR flux variations was well reproduced by the enhanced radial
diffusion process (see Figure 2.23).
2.5.3 Variation of JSR with relation of the Shoemaker-
Levy 9 impact
A number of radio telescopes observed the flux variation of JSR at vari-
ous frequencies before, during and after the impact of Shoemaker-Levy 9 to
Jupiter. The Shoemaker-Levy 9 comets impacted with Jupiter from 17th to
22nd of July, 1994.
Predictions before the event had concentrated on the interaction of ra-
diating electrons with dust. It was suggested that the radio emission would
decrease as a result of energy degradation by dust. Contrary to the expecta-
tion, the JSR flux increased dramatically during the 6 days of the cometary
collisions (Figure 2.24).
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Figure 2.22: JSR flux variation at 13 cm wavelength. Both short term and long
term variations are evident in the data sets (Bolton et al. [2002]).
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Figure 2.23: (a) JSR flux variation (circle) and the solar 10.7 cm flux variation
at the position of Earth (dashed line). (b) The JSR flux variation (circle) and the
solar 10.7 cm flux variation at the position of Jupiter (dashed line) (Miyoshi et al.
[1999]).
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Figure 2.24: The flux variations of JSR plotted as a function of 1994 day of
year, at wavelengths of 6, 11 to 13, 18, 21, 36, and 70 to 90 cm (de Pater et al.
[1995]).
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The JSR flux was observed between June and October 1994, with 11
different radio telescopes at wavelengths of 6, 11 to 13, 18, 21, 36 and 70
to 90 cm. The flux increases were 10 to 13% at 90 to 70 cm, 20 to 22%
at 21 and 18 cm, 25 to 26% at 13 to 11 cm, 43% at 6 cm, and 39 ± 7%
at 36 cm. Because radiations from higher energy electrons are emitted at
shorter wavelengths, it was suggested that the spectrum of the synchrotron
radiations were hardened during the week of the cometary impacts. After the
week of the SL9 impacts, the flux density began to subside at all wavelengths.
However, the flux density at 70 to 90 cm started to decline before the end
of the impact week about 2 days earlier than at other wavelength. The
radio spectrum below ∼ 30 cm continued to harden after the week of the
SL9 impacts. At three months after the impacts, the radiation levels were
still declining at the shorter wavelength. In addition, Bolton et al. [1995]
reported the change of the beaming curve and Sault et al. [1997] reported
the local brightening of certain location corresponding to the impacts of large
cores. Three mechanisms for this dramatical variation were proposed: sudden
increase of the radial diffusion by electromagnetic turbulence (de Pater and
Brecht [2001]), acceleration by collisionless shock in the same manner as in
the interplanetary shock (Brecht et al. [1995]), and pitch angle scattering due
to wave-particle interaction with whistler mode waves (Bolton and Thorne
[1995]).





3.1.1 Observation system of Kiso and Fuji
We have observed the JSR for several months a year since 1994. The
regular observations have been made at a frequency of 327 MHz by using
parabolic cylinder antennas at the Kiso and Fuji observation sites of the Solar
Terrestrial Environment Laboratory (STEL), Nagoya University. In Figure
3.1 and Figure 3.2, appearances of the Kiso and Fuji antennas are shown.
These radio telescopes were established with Sugadaira and Toyokawa radio
telescope to be dedicated to ground-based solar wind observations. The Fuji
and Kiso antennas were established in 1978 and 1993, respectively. The
specifications of the telescope systems are listed in Table 3.1. The telescopes
of Kiso and Fuji are composed of a parabolic cylinder antenna, phased array
systems consisted of 72 (Kiso) or 96 (Fuji) dipole elements, receiver systems
located in front and back ends and computer systems. We introduce the Kiso
telescope system because we have analyzed the data mainly obtained at Kiso
in this study. Figure 3.3 shows configuration of the Kiso radio telescope. In
the following section details of each unit are shown.
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Table 3.1: Specifications of Kiso and Fuji telescopes.
Kiso Fuji











Figure 3.1: An appearance of a parabolic cylinder antenna of STEL at Kiso.
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Figure 3.2: An appearance of a parabolic cylinder antenna of STEL at Fuji
(http://stesun5.stelab.nagoya-u.ac.jp/jpg/ipsf1a.jpg).
Antenna
The dimensions of the Kiso antenna are 74 m and 27 m in the east-west
and north-south directions, respectively, and corresponding beam widths are
about 0.7◦ and 2◦ at 327 MHz. Incident radio emission from radio sources is
reflected by a reflecting surface and gathered to the phased-array system.
Stainless wires are stretched as forming the reflecting surface in the east-
west direction (Azimuth). Therefore, this antenna only receives horizontal
polarization. The antenna has a mechanically steerable function in the north-
south direction, while, has the phased-array system in the east-west direction
to track radio sources around their southing.
Beam pattern
The type of signal receiving element of the Kiso antenna is a couple
of half-wave dipoles. These elements are aligned at regular interval in the
east-west direction, as forming an array antenna. Signals received with each
element are combined in phase 72 signals to one signal through the power
combiners. A beam pattern of an array antenna using a dipole element is
given by
F (θ) = g(θ) × E(u), (3.1)
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Figure 3.3: Signal receiving system at Kiso (Asai [1998]).
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Figure 3.4: Calculated beam pattern for the azimuth direction. Vertical axis is
normalized power and horizontal axis is the direction angle in degree.
where g(θ) is a beam pattern of a dipole element (Antenna engineering hand-








d(cos θ − cos θ0), (3.3)
where N is the number of elements, λ is a wavelength, and d is a spacing
between elements. These values of the Kiso antenna are respectively
N = 144 (3.4)
λ = 917 mm (3.5)
d = 514 mm. (3.6)







Calculated beam pattern for the azimuth direction is shown in Figure 3.4.
Signal amplification unit
The signal amplification unit consists of pre-amplifier unit (A), signal
combining unit (B), local signal oscillator unit (C), intermediate frequency
signal amplification unit (E), detector unit and postfix AF amplifier unit.
The detailed block diagrams of these units are shown in Figure 3.5 and
Figure 3.6.
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Signals from dipole elements have phase lags among 72 elements depend-
ing on the direction of radio source. Pre-amplifier units have phase shifters
to combine these signals in phase. Pre-amplifier units also convert a signal of
327 MHz into a signal of intermediate frequency 70 MHz by mixing a signal
of 397 MHz which is produced by the local signal oscillator unit.
Signal combining unit is composed of two stages of triple combiner and
three stages of double combiner (72 = 32 × 23). The 72 signals received by
dipole elements are combined to one signal through the combiners.
Postfix amplifier unit has intermediate frequency (IF) signal amplifica-
tion unit (see Figure 3.5) and low frequency unit (see Figure 3.6). The low
frequency unit has a function of adjusting signal level with IF signal ampli-
fication unit.
Calibration unit
The output signals after pre-amplifiers generally have gain and phase dif-
ferences on another due to intrinsic electric pass differences. To synthesize the
signals from 72 pre-amplifiers in-phase, gain and phase calibrations should be
needed. A calibration method so-called the loop-method is adopted to mea-
sure relative phase φj and gain difference Gj of signals in the Kiso system
(Asai et al. [1996]).
A concept diagram of the loop-method is shown in Figure 3.7. A cal-
ibration signal from an oscillator (SG) is divided by a power divider (D).
One signal is used as a reference and the other is transmitted through the
4 paths (laGa − lRGR − l12G12 − l1G1 − lbGb), (laGa − lLGL − l1G1 − lbGb),
(laGa − lRGR − l2G2 − lbGb), and (laGa − lLGL − l12G12 − l2G2 − lbGb) to the
Vector Voltmeter (VVM) which measures relative phase and gain. Relative





















· Ga · GR · G12 · G1 · Gb (3.12)





Figure 3.5: The signal amplification unit (1). The signal amplification unit
consist of pre-amplifier unit (A), signal combining unit (B), local signal oscillator
unit (C), and signal generator unit (D) (Asai [1998]).
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(E)
Figure 3.6: The signal amplification unit (2). IF signal amplication unit (E)
(Asai [1998]).












· Ga · GL · G12 · G2 · Gb, (3.15)
where λ is a wavelength of calibration signal from the oscillator. These
equations can be rewritten in
φ1R + φ1L =
2π
λ
(L − 2 · l1) (3.16)
φ2R + φ2L =
2π
λ
(L − 2 · l2) (3.17)
G1R · G1L = Pt · G21 (3.18)
G2R · G2L = Pt · G22, (3.19)
where L and Pt are given by
L = 2(lr − (la + lb)) − (lR + lL + l12) (3.20)
Pt = (P0/2)
2 · G2a · G2b · GR · GL · G12. (3.21)









(φ2R + φ2L − φ1R − φ1L) (3.23)
∆G2−1 = (G2/G1)
2. (3.24)
Control unit and power supply unit
The control unit deals with switching for such as the phase shifter, cali-
bration signal selection unit, programmable attenuators for gain regulation.
The front-end unit placed outdoors is controlled thorough the optical fiber
from the room.
The power supply unit supplies electricity to the pre-amplifiers and cali-
bration units placed outdoors.
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Figure 3.7: A concept diagram of the relative phase and gain differences of
signals with the loop-method (STEL Specification [1992]).
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Figure 3.8: An appearance of the IPRT.
3.1.2 Observation system of the Iitate Planetary Radio
Telescope (IPRT)
The observation data of the Iitate Planetary Radio Telescope (IPRT) are
adopted to evaluate absolute flux densities of the JSR in this study. The
IPRT has been developed at the Iitate observatory in Fukusima prefecture
Japan since 2000. Figure 3.8 shows an appearance of the IPRT and each
specification is listed in Table 3.2. The IPRT is developed as an exclusive
system for observing planetary radio emissions in the wave length of meter
to decimeter. The data observed with the IPRT give absolute flux values
since the IPRT system has a special function for evaluating gain and noise
temperature of the receiver system. On the other hand, the JSR flux observed
with the Kiso and Fuji system give relative values. In the following sections,
details of the IPRT system are shown.
Antenna system
A reflecting mirror of the IPRT is composed of two rectangular parabolic
sections and the surface is covered by stainless fine-mesh (pitch: 20 mm ×
20 mm). The two rectangular parabolic sections have same shapes and more
synchronously so that the antenna has one beam direction. The feed system
has a crossed half-wave dipole with a plane reflector at each focus position
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Table 3.2: Specifications of the IPRT.
Antenna type Dual asymmetric offset parabola
Observation frequency 325 MHz
Effective area 1023m2 (31m × 16.5m × 2 sets)
Half power beam width 1.6◦
Sensitivity 0.07 Jy (BW = 10 MHz, τ = 10sec)
and a balance-unbalance converter is installed to transmit the signal from the
dipole to a pre-amplifier using a coaxial cable with minimum loss (Tsuchiya
et al., [2003] ).
Receiver system
The receiver system of the IPRT is shown in Figure 3.9. The fornt-end
units are placed in the temperature control box to minimize variations of
gain and temperature of the preamplifier in the front-end. Temperature in
the temperature controlled boxes is kept at 298 K during summer and 290
K during winter. Signals from the crossed half-wave dipole are amplified
with low noise GaAs FFT devices in the front-end and converted into an
intermediate frequency (IF) of 70 MHz to reduce loss of the signal during
the transmission to the back-end receivers through long coaxial cables.
The back-end unit is placed in the radio shielding room on the azimuth
turn-table . The IF signals from the front-end A and B are combined in-phase
in the back-end. The phase difference between the two IF signals is corrected
by changing phase of the local oscillator signals, and amplitude difference
is adjusted by programmable attenuators. In calibration of the phase and
amplitude differences of the IF signals, the loop-method is adopted like the
Kiso telescope system.
3.2 Observation method
3.2.1 JSR flux observation
Daily observation has been made for several months a year since 1994
with the so-called drift curve method (Misawa and Morioka [2000]). We have
made observation of both Jupiter and some radio star quasi-simultaneously

























































Figure 3.9: Block diagram of the receiver system of the IPRT (Tsuchiya et al.
[2003]). Blue, yellow and pink area show the front-end unit, IF receiver section
and calibration section, respectively.
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JupiterCalibration 
source
Figure 3.10: Schematic plot of the JSR observation using the STEL radio an-
tennas.
for about 30 minutes around meridian transit of Jupiter. A schematic plot
of the JSR observation is shown in Figure 3.10 and an example of the obser-
vation results is shown in Figure 3.11. Intrinsic system gain variations were
corrected using a radio star as a reference calibration source whose flux den-
sity is assumed to be stable during several months. In Table 3.3, observation
terms and radio stars used as calibration sources are listed.
3.2.2 Galactic background (BG) observation
BG observation at Kiso
A JSR flux has been derived by subtraction of BG flux from the observed
radio flux which includes the JSR flux. The BG flux has been measured
since 2005. We have made the observation for both the sky where once
Jupiter transmitted and the radio star used as the calibration source quasi-
simultaneously with drift curve method, just like the Jupiter observation.
Figure 3.12 shows the example of observation result which derived the same
celestial position and the same caribration source as the JSR flux observation
of May 31, 1996 (Figure 3.11).
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Figure 3.11: Observation result of May 31, 1996 at Kiso. Red line shows galactic
backgound flux witch includs JSR flux and green line shows galactic background
flux in the direction of a calibration source.
Table 3.3: Observation terms and radio stars used as calibration sources at Kiso.
Term Radio Source
1994 7/7 ∼ 8/14 1424-118
1995 7/5 ∼ 9/28 1556-215
1996 5/1 ∼ 11/10 1937-231
1997 4/12 ∼ 8/18 2120-166
9/18 ∼ 12/22
1998 6/10 ∼ 8/24 2336-045
1999 9/2 ∼ 10/13 0218+111
11/16 ∼ 12/9
2000 10/7 ∼ 12/14 0421+213
2001 10/18 ∼ 12/14 0649+226
2003 5/10 ∼ 6/9 0834+184
2004 4/22 ∼ 7/7 1057+092
11/11 ∼ 12/11
2005 7/8 ∼ 7/21 1218-024
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Figure 3.12: The same as Figure 3.11 but for observation result of August 21,
2005 at Kiso.
BG observation at IPRT
The BG flux observations also have been made with the IPRT. This
is because the observation with the IPRT enables to derive absolute radio
flux. The JSR flux derived with the STEL system is a relative value for
the calibration source flux. Therefore the relative JSR flux is calibrated to
absolute flux by evaluating the absolute flux of the calibration source by the
IPRT.
The IPRT has the following function to obtain an absolute flux. When
we observe a radio source, received power P is given by
P = kBGB (TRX + Tsky) , (3.25)
where kB is Boltzmann’s constant, G is a total gain, B is a band width. TRX
and Tsky are a receiver noise temperature and an antenna temperature for a
radio source, respectively. As kB and B are known values and P is observable
quantity, Tsky can be calculated by determining G and TRX .
To determine G and TRX , the so-called Y-factor method is adopted on the
IPRT system. In the method, two kinds of signal power are measured; one is
named Pcold which is measured when the input of the receiver is terminated
by a cold load, another one is named Phot measured with a hot load. These











Figure 3.13: The observation data of the IPRT on November 16, 2007, when
the Y-factor method was carried out.
powers are given by
Pcold = kB · G · B (TRX + Tcold) (3.26)
Phot = kB · G · B (TRX + Thot) . (3.27)





From the measurement, TRX and G can be determined by
TRX =





kB · B (Thot + TRX)
. (3.30)
Thus, the absolute value for a radio source (Tsky) is obtained through Equa-
tion 3.25 by using the TRX and G. Figure 3.13 shows the data measured with
the IPRT when the Y-factor method was carried out. An absolute radio flux





where Ae is an effective aperture area of the radio telescope.
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Chapter 4
Data analysis
The Jupiter radio flux densities have been derived by subtraction of the
BG flux density from the observed sky flux density which includes Jupiter
radio flux density. We introduce the method of the calculation in this section.
4.1 Derivation of JSR flux value
4.1.1 Characteristics of observation data at Kiso
When we observe radio source using the Kiso system, received power Pobs
is given by
Pobs = kBGB(TRX + Tstar) + ∆, (4.1)
where ∆ is an instrumental level offset of the Kiso system, and G and TRX are
receiver gain and temperature of the system, respectively. The G, TRX and
∆ values are not constant parameters and vary with environmental temper-
ature of the system. This leads apparent flux variations of the radio source.
However, because the BG flux is much higher than the Jupiter radio flux, we
need accurate BG flux data to estimate the Jupiter radio flux value. Hence,
in order to compensate this uncertain variation of the receiver gain, we made
observations again for the same reference calibration sources and BG after
Jupiter passed by with just the same method.
The observation flux data is shown with A/D count of the square-law
detector output (see Figure 3.11 and Figure 3.12). The output voltage varies
linearly with observed radio flux intensity. The A/D count is rewritten to a
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power value using the following equation
P = 5.1 × 10−7 ×
(
(A/D count) − 4096
8192
)
+ offset [mW], (4.2)
where offset is equivalent to ∆ in Equation (4.1).
4.1.2 Derivation of the power of JSR flux
When we observe Jupiter and a reference calibration source, signal powers
of the BG flux which includes the Jupiter radio flux P1j(t) and the reference
calibration source flux P1c(t) are given by
P1j(t) = kBG1(t)B(T1RX(t) + Tjsky(t) + Tjup(t)) + ∆1 (4.3)
P1c(t) = kBG1(t)B(T1RX(t) + Tcsky(t) + Tcal(t)) + ∆1, (4.4)
where Tjsky is antenna temperature of BG for the direction of Jupiter, Tjup is
antenna temperature of Jupiter, Tcsky is antenna temperature of BG for the
direction of a calibration star and Tcal is antenna temperature of a calibration
star. G1 and T1RX are total gain and receiver temperature, respectively, when
the Jupiter radio flux is observed. On the other hand, the BG flux after
Jupiter’s movement from the region in the sky P2j(t) and the calibration
source flux P2c(t) are given by
P2j(t) = kBG2(t)B(T2RX(t) + Tjsky(t)) + ∆2 (4.5)
P2c(t) = kBG2(t)B(T2RX(t) + Tcsky(t) + Tcal(t)) + ∆2, (4.6)
where G2 and T2RX are total gain and receiver temperature, respectively,
when the BG flux is observed. As an example, Figure 4.1 shows the Jupiter
radio flux and the reference calibration source flux data on May 24, 1996,
and the corresponding BG flux data and the same reference calibration source
flux data observed in 2005.
To delete T1RX and ∆1, we subtract Equation (4.4) from Equation (4.3)
and Equation (4.6) from Equation (4.5).
P1j(t) − P1c(t) = (kBG1(t)B(T1RX(t) + Tjsky(t) + Tjup(t)) + ∆1)
−(kBG1(t)B(T1RX(t) + Tcsky(t) + Tcal(t)) + ∆1) (4.7)
= kBG1(t)B(Tjsky(t) + Tjup(t) − (Tcsky(t) + Tcal(t))) (4.8)
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P2j(t) − P2c(t) = (kBG2(t)B(T2RX(t) + Tjsky(t)) + ∆2)
−(kBG2(t)B(T2RX(t) + Tcsky(t) + Tcal(t)) + ∆2) (4.9)
= kBG2(t)B(Tjsky(t) − (Tcsky(t) + Tcal(t))) (4.10)
The ratio of G1 to G2 can be calculated using the data before and after




kBG1(t)B(Tjsky(t) − (Tcsky(t) + Tcal(t)))
kBG2(t)B(Tjsky(t) − (Tcsky(t) + Tcal(t)))
(4.11)





During the Jupiter observation period, Y (t) is calculated by a linear in-
terpolation using the Y (t) values before and after Jupiter observation period.
In Figure 4.2, we show calculated Y (t) value before and after Jupiter obser-
vation period and interpolated Y (t) value during Jupiter observation period
for the observation data of 1996 and 2005 shown in 4.1.
By the following equation, Jupiter radio flux kBG1(t)BTjup(t) is obtained.
P1j(t) − P1c(t) − Y × (P2j(t) − P2c(t))
= kBG1(t)B(Tjsky(t) + Tjup(t) − (Tcsky(t) + Tcal(t)))
−G1(t)
G2(t)
kBG2(t)B(Tjsky(t) − (Tcsky(t) + Tcal(t))) (4.13)
= kBG1(t)BTjup(t) (4.14)
If G1(t) was constant and time axes between the two observation periods
has no lag, the derived form of kBG1(t)BTjup(t) corresponds with the beam
pattern of the Kiso antenna. Figure 4.3 shows the derived Jupiter radio flux
(black line) and the fitting beam pattern (blue line) calculated with the least
squares method using Equation (3.1). We determine power of Jupiter radio
flux kBG1BTjup as the peak of the fitting beam pattern.
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Figure 4.1: (Left) Output signals of the Kiso system for Jupiter and calibration
source on May 24, 1996. (Right) Those for BG and calibration source for the same
directions observed in 2005.
Figure 4.2: Y values calculated from the Equation (4.11) for the observation
data of 1996 and 2005.
Figure 4.3: Derived Jupiter radio flux kBG1(t)BTjup(t) (black line) and the
fitting beam pattern (blue line) calculated using Equation (3.1).
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As can be seen from Equation (4.11), in particular, when power levels
of BG and reference calibration source are similar each other, the value of
denominator becomes smaller and the Y value diverges to infinity. As an
example, we create a simple model of the Jupiter radio flux, BG flux and
reference calibration source flux and calculate Y values when power levels of
BG and reference calibration source are similar. Figure 4.4 shows models of
P1c(t), P1j(t), P2c(t) and P2j(t). Radio flux patterns of Jupiter and reference
calibration source are calculated using Equation (3.1). The calculated Y
values are shown in Figure 4.5. From those results, when power levels of BG
and reference calibration source are similar, Jupiter radio flux kBG1BTjup
can’t be calculated due to divergence of the Y value. Therefore, in this
case of observed data, we calculate kBG1(t)BTjup(t) by adding an offset α to
P1c(t) and P2c(t) or P1j(t) and P2j(t). It is indicated in following equations
that Jupiter radio flux can be derived correctly even by addition of the offset
α.
If α is added to P1j(t) and P2j(t), subtractions between P1c(t) and P1j(t),
and P2c(t) and P2j(t) are given by
P1j(t) + α − P1c(t)
= (kBG1(t)B(T1RX(t) + Tjsky(t) + Tjup(t)) + ∆1) + α
−(kBG1(t)B(T1RX(t) + Tcsky(t) + Tcal(t)) + ∆1) (4.15)
= kBG1(t)B(Tjsky(t) + Tjup(t) − (Tcsky(t) + Tcal(t))) + α (4.16)
P2j(t) + α − P2c(t)
= (kBG2(t)B(T2RX(t) + Tjsky(t)) + ∆2) + α
−(kBG2(t)B(T2RX(t) + Tcsky(t) + Tcal(t)) + ∆2) (4.17)
= kBG2(t)B(Tjsky(t) − (Tcsky(t) + Tcal(t))) + α. (4.18)
As same as Equations (4.11) and (4.12), Y ′ value is given by
Y ′ =
kBG1(t)B(Tjsky(t) − (Tcsky(t) + Tcal(t))) + α
kBG2(t)B(Tjsky(t) − (Tcsky(t) + Tcal(t))) + α
. (4.19)
Y ′ is calculated by a linear interpolation during the Jupiter observation
period. Jupiter radio flux kBG1(t)BTjup(t) can be given by
P1j(t) + α − P1c(t) − Y ′ × (P2j(t) + α − P2c(t))




























Figure 4.4: The simple models of P1c(t), P1j(t), P2c(t) and P2j(t). The radio flux
patterns of Jupiter and reference calibration source are calculated using Equation
(3.1).
= kBG1(t)BTjup(t) + kBG1(t)B(Tjsky(t) − (Tcsky(t) + Tcal(t))) + α
−kBG1(t)B(Tjsky(t) − (Tcsky(t) + Tcal(t))) + α
kBG2(t)B(Tjsky(t) − (Tcsky(t) + Tcal(t))) + α
×kBG2(t)B(Tjsky(t) − (Tcsky(t) + Tcal(t))) + α (4.20)
= kBG1(t)BTjup(t). (4.21)
From this calculation result, we can obtain kBG1(t)BTjup(t) even by ad-
dition of an offset α when power levels of BG and reference calibration source
are similar. In Figure 4.6, we shows kBG1(t)BTjup(t) calculated for the model
of Figure 4.4 with the addition of an offset α to P1j(t) and P2j(t). The offset
α values are given as 100 and 200 A/D counts. kBG1(t)BTjup(t) values are
not changed by the offset values as expected from Equation (4.21). In the
observation data analysis, we adopted such an offset when needed.
4.1.3 Derivation of calibration source flux
In Section 4.1.2, Jupiter radio flux kBG1(t)BTjup(t) is given. To evaluate
G1 and derive Tjup, kBG1(t)BTcal(t) is calculated.
Figure 4.7 shows data of the reference calibration source flux on May
24, 1996. To determine calibration source flux kBG1(t)BTcal(t), we divide
kBG1(t)B(T1RX(t) + Tcsky(t) + Tcal(t)) + ∆1 into background flux for the
calibration source kBG1(t)B(T1RX(t) + Tcsky(t)) + ∆1 and calibration source
flux kBG1(t)BTcal(t) as shown in Figure 4.7. The straight line in the figure
is an expected background flux for the calibration source which is drawn
between the A/D counts (power) of 170 seconds before and after the peak of
the calibration source. This is because the transit period of a radio source






Figure 4.5: The calculated Y value from the models of Figure 4.4. Because the
power level of BG and reference calibration source are similar around 860 and 990
sec, Y value diverges.
in front of the Kiso antenna is about 340 seconds. Thus, by using the value
of kBG1(t)BTcal(t), Tjup is derived as the relative value of Tjup/Tcal.
4.1.4 Derivation of absolute Jupiter radio flux
Introduction of IPRT observation data
Because the observation data using the Kiso system isn’t the absolute
radio flux, Tjup is given by the relative value of Tjup/Tcal. To obtain the
absolute radio flux, we have made observations of the reference calibration
source with the IPRT.
We have observed the BG flux and reference calibration source flux con-
tinuously with the IPRT. As indicated in Section 3.2.2, an absolute radio flux
can be obtained from observation data with the aid of the Y-factor method.
Therefore, subtraction between the BG flux and peak flux of the reference
calibration source (Tjsky − (Tcsky + Tcal)) is derived exactly in Kelvin. About
the observation data using the Kiso system, from subtraction between Equa-
tion (4.5) and Equation (4.6), kBG2pB(Tjsky−(Tcsky+Tcal)) is also calculated,
where G2p is the total gain at the peak of reference calibration source ob-
servation. The relative flux of reference calibration source is obtained from
kBG2pBTcal/kBG2pB(Tjsky − (Tcsky + Tcal)). The kBG2pBTcal value is deter-
mined by the same method to the kBG1BTcal value (see Section 4.1.3). Then,
Tcal is derived in Kelvin, and the brightness temperature of Jupiter Tjup is
also given using the relative value of Tjup/Tcal. Thus, an absolute Jupiter
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Figure 4.6: The brief model added offset α to P1j(t) and P2j(t) and
kBG1(t)BTjup(t) values calculated from the model. The model is the same with
Figure 4.4. (a) The offset αa is 200 A/D counts. (b) The offset αb is 100 A/D
counts. kBG1(t)BTjup(t) value isn’t changed by the offset value.















         +Tcsky(t))+
kBG1(t)BTcal
Figure 4.7: Data of the reference calibration source flux on May 24,
1996. This data is divided into background flux for the calibration source:
kBG1(t)B(T1RX(t) + Tcsky(t)) + ∆1 and kBG1(t)BTcal(t) by the solid line.
radio flux is finally derived by 2kB
Ae
Tjup.
Compensation of Faraday rotation
In generally, a linearly polarized wave is regarded as the resultant of
two circularly polarized waves of equal amplitude and opposite hand. If the
two circularly polarized waves have different phase constants which varies
with the wave propagation, the plane of polarization of the resultant linearly
polarized wave rotates as the wave propagates. This phenomenon is called






NB cos φdr (4.22)
where
e = charge of particle
λ = wave length
ϵ0 = permittivity of vacuum
c = velocity of light
m = mass of particle
N = number of particles
B = magnetic flux density
φ = angle between B and direction of wave propagation
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r = distance in direction of propagation
The JSR contains about 20 % of linearly polarized wave. When the JSR is
received using a linear polarized antenna, it is likely that apparent variation is
occurred to rotate polarization axis of linearly polarized wave due to Faraday
rotation caused by propagation in the terrestrial ionosphere. Hence, we need
to compensate this Faraday rotation effect, because the antenna of the Kiso
system is the linear polarized one.
In the data of 1994, the faraday fringe data observed by the GOES3
satellite beacon at 136 MHz is used. The original JSR flux Sorg is estimated
from an observed JSR flux Sobs by using the following equation,
Sorg =
Sobs
0.8 + 0.2 |cos (∆φA + ∆φ327)|
(4.23)
where φA is the inclination angle of the Jovian rotation axis to the meridian
and φ327 is the Faraday rotation angle at 327 MHz for the direction of Jupiter.

















where χG and χJ are the zenith angles for GOES3 and Jupiter, respectively,
and BG and BJ are the ray path angles with respect to the geomagnetic field
at a typical F-layer height of 250 km for GOES3 and Jupiter, respectively.
The φ136 is the observed Faraday rotation angle of the GOES3 satellite. As
the data of 1995, 1996 and 1998 are absent, the flux variations are estimated
to include 20 % error of the JSR flux.
Since 1999, the TEC (Total Electron Content) data derived using the
GPS satellites is used to estimate the Faraday rotation angle. TEC is the
integration value of electrons per unit area between a GPS satellite and a GPS
receiver and corresponds to
∫
Ndr of Equation (4.22). TEC is estimated from
the propagation retardation of radio waves with two frequencies transmitted
from a GPS satellite. TEC data is derived using the GEONET which is
GPS receiver network placed in many parts of Japan and managed by Kyoto
university (Otsuka et al., [2003], Saito et al., [2003]).
Distance compensation
The Jupiter radio flux intensity varies with distance from Jupiter to
Earth. In general, Jupiter radio flux intensity is standardized to the value at
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a distance of 4.04 AU from Jupiter. This standardization is also adopted in
this study.
Thermal radiation compensation
Jupiter radio flux intensity includes the thermal radiation intensity. de
Pater [1991] shows the thermal radiation intensity included in the Jupiter
radio flux intensity at a frequency of 330 MHz is estimated to be about 0.08
Jy at the distance of 4.04 AU from Jupiter. In this study, this value is
adopted and we subtract 0.08 Jy from observed Jupiter radio flux intensity.
4.2 Estimation of error
4.2.1 Fitting error
As indicated in Section 4.1.2, if G1(t) was constant and time axes between
two observation periods had no lag, the form of kBG1(t)BTjup(t) corresponds
with the beam pattern of the Kiso. However, in most of the cases those
forms do not correspond. The reason is considered by the following causes:
the variation of Ga(t) within Jupiter observation period, lag time between
two observations data, straight-line approximation linear interpolation of Y .
The time lag between two observations is a possible cause that could happen
by the observation algorithm. We estimated the error as an average of the
subtraction between the beam pattern and kBG1(t)BTjup(t).
4.2.2 The error of calibration source flux value
As we showed the method of determination of calibration source flux
value in Section 4.1.3, kBG1(t)BTcal(t) includes the variations of G1, T1RX
and ∆. T1RX and ∆ do not vary so much within Jupiter observation period
but G1 shows ineligible variation. The variation of G1 within Jupiter ob-
servation period is influenced by environmental temperature variation of the
back-end receiver system. Figure 4.8 shows relation of A/D signal (V) and
environmental temperature at the back-end. The environmental tempera-
ture changes about 0.2 degree on average within Jupiter observation period
by the air conditioner in the room where the back-end system is placed. The
estimated power range from the variation of G1 is added to error.
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Figure 4.8: Relation of A/D signal (V) and environmental temperature at the
back-end of the Kiso system.
4.2.3 The error of IPRT observation data
When we use the observation data of IPRT, the Thot and Tcold are observed
to obtain TRX and G. Thot and Tcold are observed every 3 ∼ 60. These Thot
and Tcold have variation between the observation inconsiderably. When the
Tsky is calculated, we adopt the average of Thot and Tcold. The Tsky value
change inconsiderably because of difference of Thot and Tcold between average
value and observed value are estimated to error. The estimated Tsky range
from the variation Thot and Tcold is added to error.
4.2.4 Faraday rotation error
For the data of 1995, 1996, and 1998, the compensation for the flux vari-
ations caused by Faraday rotation can’t be made because Faraday rotation
data is absent. Therefore, those period data have 20 % error due to uncer-
tainty of Faraday rotation. For the data of 1997, because the condition of
ionosphere was steady, the compensation by Faraday rotation is neglected.




The observations of JSR have been made for 1994 - 2005 and JSR flux
variations are derived from these observations. In the following section, char-
acteristics of short-term (day to weeks) variations and long-term (12 year)
variation are shown. Expressed time in this chapter is given in JST. The
observation data of 2003 were not analyzed because the system of Kiso was
unstable.
5.1 Short-term variation
5.1.1 Results of each year
Result of 1994
Figure 5.1 shows JSR flux values from July 7 to 24, 1994. During the
observations, Jupiter moved in the sky from 14h9m ∼ 14h11m in Right
Ascension (B1950), and -11◦ 49′ ∼ -12◦ 7′ in Declination (B1950) (see Figure
5.2). The observed Jovian radiation synchrotron radiations show an increase
of 30 % during July 7 - 9, and decrease of 40 % during July 19 - 24.
In the term of this observation, during July 16-22, the SL9 fragments col-
lided with Jupiter. In Figure 5.3, the JSR flux variations observed at VLA,
Westerbork Synthesis Radio Telescope (WSRT) in Netherlands and Domin-
ion Radio Astrophysical Observatory (DRAO) in Canada during June 24 -
October 16 are shown (Sukumar et al. [1998]). The JSR flux variations at a
wavelength 20 cm are also indicated for comparison. WSRT is an interferom-
eter consisting of 25 m dishes on an east-west baseline of 2.7 km maximum
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day of year (1994)
   ↑
July 4
Figure 5.1: Daily flux variation of JSR from July 7 to 24, 1994.
Figure 5.2: Jupiter position (white circle) from July 7 to 24, 1994, on the galactic
background radiation map.
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and ten of the elements are at fixed locations separated by 144 m. During
the 2 weeks including the impact period, half of telescope were outfitted with
the 21 cm system, the remainder with 92 cm receivers. The each measured
flux densities are adjusted to the Jovian distance of 4.04 AU and the thermal
contribution was subtracted out. This is a quite valuable period that there
were the other observation data to compare the JSR short-term variations
observed with the Kiso system at a low frequency.
Figure 5.4 shows the mutual comparisons of the JSR flux variations at
VLA, WSRT, DRAO and the Kiso system. The trend of JSR flux variations
are almost similar between the data derived from Sukumare et al. [1998] and
Kiso except for July 21 (DAY NUMBER 203). As for the flux amplitude, the
JSR flux observed with VLA WSRT and DRAO varied within 5 - 8 Jy, while
the JSR flux derived with the Kiso system was 4.1 Jy on July 23 though the
error was about ± 1.8 Jy.
The JSR fluxes at various frequencies were dramatic increase in the non-
thermal radio flux density during the 6 days of the SL9 collision (see Section
2.5.3). The JSR flux enhancement at 90 cm wavelength in this period was
also considered to be caused by the SL9 impact. However, the result of JSR
flux observation at Kiso indicates larger enhancements occur frequently in
the other years.
Result of 1995
Figure 5.5 shows JSR flux values from July 17 to August 27, 1995. During
the observations, Jupiter moved in the sky from 23h10m ∼ 20h22m in Right
Ascension (B1950), and -23◦ 7′ ∼ -23◦ 25′ in Declination (B1950) (see Figure
5.6). The data of this term have 20 % error additionally due to no Faraday
rotation estimation. In the JSR flux variation of this term, the maximum
value of JSR flux density is 9.1 Jy on August 15 and minimum value is 2.4
Jy on July 30. Concerning amplitude of the variation, previous observations
at higher frequencies have revealed that JSR flux variations are at most 30
%, however, JSR flux at 327 MHz varies more widely during several days.
The difference of these results infers that characteristic of the variations at
327 MHz is quite different from that at upper frequencies.
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Figure 5.3: (a) The JSR flux variation at wavelengths of 74 cm and 90 cm during
June 24 - October 16, 1994. The data at a wavelength of 20 cm from Wong et al.
[1996] are also shown for comparison. (b) The JSR flux variation for the period of
July 14 - July 27, 1994 (Sukumar et al. [1998]).
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Figure 5.4: The JSR flux variation for the period between July 14 and July 27,
1994 including the observed data with the Kiso system (blue dot).
Result of 1996
Figure 5.7 shows JSR flux values from May 17 to July 3, 1996. During
the observations, Jupiter moved in the sky from 18h53m ∼ 19h12m in Right
Ascension (B1950), and -22◦ 20′ ∼ -22◦ 55′ in Declination (B1950) (see
Figure 5.8). The data of this term also have 20 % error additionally due to
no Faraday rotation estimation. The observation data in 1996 have also wide
amplitude of the variation. In particular, during May 31 - June 9 (day of
year 151 - 161), the JSR flux decreased rapidly from 10.2 Jy to 3.2 Jy. This
is also a distinct characteristic at 327 MHz.
Result of 1997
Figure 5.9 shows JSR flux values from July 2 to July 12, 1997. During
the observations, Jupiter moved in the sky from 21h29m ∼ 21h32m in Right
Ascension (B1950), and -15◦ 27′ ∼ -15◦ 44′ in Declination (B1950) (see
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Figure 5.5: Daily flux variation of the JSR from July 17 to August 27, 1995.
Figure 5.6: Jupiter position (white circle) from July 17 to August 27, 1995, on
the galactic background radiation map at 408MHz.
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Figure 5.7: Daily flux variation of the JSR from May 17 to July 3, 1996.
Figure 5.8: Jupiter position (white circle) from May 17 to July 3, 1996, on the
galactic background radiation map at 408MHz.
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Figure 5.10). The maximum JSR flux intensity in this term is 3.4 Jy on July
6. The JSR flux intensity of the observation data in this term were smaller
than the data of other terms. Previous observations after SL9 (de Pater
[1994]) lower frequency have reported that JSR flux intensity are almost 5
Jy. The observation results in this study indicate that the radio flux at
327MHz shows wider range of amplitude variation from 2 to 10Jy.
Result of 1998
Figure 5.11 shows JSR flux values from July 10 to July 20, 1998. During
the observations, Jupiter moved in the sky from 23h52m3s ∼ 23h52m32s in
Right Ascension (B1950), and -2◦ 16′ ∼ -2◦ 17′ in Declination (B1950) (see
Figure 5.8). The data of this term have 20 % error additionally due to no
Faraday rotation estimation. As the observation result, the existence of an
usual radio flux enhancement is confirmed for the direction of Jupiter in the
data of July 15, 1998. In the following Section 5.1.3, this observation data is
analyzed in detail. Except the data of July 15, the JSR flux intensities were
small similarly to the 1997 data.
Result of 1999
Figure 5.13 shows JSR flux values from September 2 to September 14,
1999. During the observations, Jupiter moved in the sky from 2h7m ∼ 2h9m
in Right Ascension (B1950), and 11◦ 20′ ∼ 11◦ 33′ in Declination (B1950)
(see Figure 5.14) The JSR flux intensity repeated increasing and decreasing
within 2 Jy - 5 Jy with the time scale of a few days. The average JSR flux
is larger than those of 1997 and 1998 except for the data of July 15, 1998.
Result of 2000
Figure 5.15 shows JSR flux values from October 7 to October 28, 2000.
During the observations, Jupiter moved in the sky from 4h30m ∼ 4h35m
in Right Ascension (B1950), and 20◦ 54′ ∼ 21◦ 5′ in Declination (B1950)
(see Figure 5.16). As the observation result, a rapidly large enhancement
of JSR flux intensity is derived two times on October 19 and October 23.
Although the flux amplitudes were smaller than the enhancement of July 15,
1998, these variations showed more than twice enhancements within one day.




















Figure 5.9: Daily flux variation of the JSR from July 2 to July 12, 1997.
Figure 5.10: Jupiter position (white circle) from July 2 to July 12, 1997, on the
galactic background radiation map at 408MHz.




















Figure 5.11: Daily flux variation of the JSR from July 10 to July 20, 1998.
Figure 5.12: Jupiter position (white circle) from July 10 to July 20, 1998, on
the galactic background radiation map at 408MHz.






















Figure 5.13: Daily flux variation of the JSR from September 2 to September
14, 1999.
Figure 5.14: Jupiter position (white circle) from September 2 to September 14,
1999, on the galactic background radiation map at 408MHz.
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These results may indicate there are some mechanisms that cause JSR flux
enhancement quite rapidly at low frequency.
Result of 2001
Figure 5.17 shows JSR flux values from November 4 to November 12, 2001.
During the observations, Jupiter moved in the sky from 7h4m21s ∼ 7h4m56s
in Right Ascension (B1950), and 22◦ 28′ ∼ 22◦ 30′ in Declination (B1950)
(see Figure 5.18). The observed JSR flux showed an increasing of 70 % during
November 9 - November 12.
Reuslt of 2004
Figure 5.19 shows JSR flux values from May 7 to June 5, 2004. During
the observations, Jupiter moved in the sky from 10h41m ∼ 10h46m in Right
Ascension (B1950), and 9◦ 7′ ∼ 9◦ 41′ in Declination (B1950) (see Figure
5.20).
Result of 2005
Figure 5.21 shows JSR flux values from July 8 to July 19, 2005. During
the observations, Jupiter moved in the sky from 12h37m ∼ 12h41m in Right
Ascension (B1950), and -2◦ 40′ ∼ -3◦ 10′ in Declination (B1950) (see Figure
5.22). During the observation term of about 10days, the JSR fluxes kept
decreasing from 6.1 to 2.6 Jy.
5.1.2 Characteristics of the short-term variation
The JSR flux of almost every year shows varying nature in a time scale
of several days. The characteristics of short-term variation are summarized
as follows.
• Concerning amplitude of the variation, previous observations at higher
frequencies have revealed that JSR flux varies at most 30 %, however,
JSR flux at 327 MHz varies more widely during several days.
• Previous observations at lower frequency have reported that JSR flux
intensities are almost 5 Jy. The observation results in this study indi-
cate the JSR flux generally shows wider range of amplitude from 2 to
10 Jy.
























Figure 5.15: Daily flux variation of the JSR from October 7 to October 28,
2000.
Figure 5.16: Jupiter position (white circle) from October 7 to October 28, 2000,
on the galactic background radiation map at 408MHz.
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Figure 5.17: Daily flux variation of the JSR from November 4 to November,
2001.
Figure 5.18: Jupiter position (white circle) from November 4 to November,
2001, on the galactic background radiation map at 408MHz.























Figure 5.19: Daily flux variation of the JSR from May 7 to June 5, 2004.
Figure 5.20: Jupiter position (white circle) from May 7 to June 5, 2004, on the
galactic background radiation map at 408MHz.
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Figure 5.21: Daily flux variation of the JSR from July 8 to July 19, 2005.
Figure 5.22: Jupiter position (white circle) from July 8 to July 19, 2005, on the
galactic background radiation map at 408MHz.
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• As the observation result, rapid and unusual enhancements of JSR
flux intensity are confirmed at least 3 times (1998 and 2000) in this
observations. Although the flux amplitudes of the 2000 events were
smaller than the enhancement of the 1998 event, these events showed
more than twice enhancements within one day.
The JSR short-term variations have not been studied well because of lack
of continues observations except the term of the SL9 impacts. In particu-
lar, the lower frequency observations have been little made because the data
analysis is difficult for the intense emission of the galactic background radia-
tion. We colud confirm some characteristics of the JSR short-term variations
almost for the first time by evaluating the galactic background radiation
flux at a reliable level. The characteristics and expected mechanisms for the
variations are discussed in Section 6.
5.1.3 Unusual enhancement event
As indicated in Section 5.1.1, an unexampled flux enhancement was founded
in the data at JST 3:00, July 15, 1998. In the observation data, it is con-
firmed that the fluxes on July 14 (previous day of the enhancement) and on
July 16 (next day of the enhancement) were in an ordinary level. Charac-
teristics of the flux short-term variations have been little revealed yet at the
time scale of several days to months. Therefore there have never been any
reports about JSR flux enhancement finished within only one or two days.
However, we need to check whether the flux enhancement really originated
from the Jovian radiation belt. In the following section, the observation data
are checked to confirm the origin of this enhancement.
Two observation systems
The JSR flux have been observed at the same time using the Kiso and Fuji
systems. If this enhancement was observed only one observation system, it is
difficult that the enhancement originated from Jovian radiation belt because
some artificial noises sometimes interference observations of natural radio
waves at Kiso and Fuji. Figure 5.23 shows the raw observation data for July
14 - 16 at both Kiso and Fuji. From the data, it is obvious that the radio
flux enhancement can be confirmed at both Kiso and Fuji. Figure 5.24 shows
the radio flux variations observed at Kiso and Fuji by assuming the radio
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flux enhancement originated from Jupiter. Those radio flux results almost
correspond. Therefore, it is confirmed that the radio flux enhancement was
observed with the two observation systems.
Beam width
Kiso telescope’s half power beam width is 0.7 degrees and Fuji’s one is
0.5 degrees. We compared the beam width of each enhancement with theo-
retical values for the Kiso and Fuji telescopes. The observed beam patterns
and theoretical beam patterns almost correspond for the both data at Kiso
and Fuji (see Figure 5.25). This result suggests that radio source of this
enhancement is not an artificial noise but a compact radio source in the sky.
Start time of the event
A daily observation has been made around the meridian transit of Jupiter.
If the radio source was Jupiter, the observed time should be different at Kiso
and Fuji because Fuji is 100 km away from Kiso in the east - west direction.
Figure 5.26 shows the comparison of observed times at Kiso and Fuji. There
was 4 minute difference of observation time between these stations and this
time lag can be explained by distance of Kiso and Fuji. It is confirmed, there-
fore, that this radio wave at least came from the sky in the direction where
Jupiter existed at this time. Thus, these results strongly suggest that this
unusual enhancement originated from Jupiter, possibly as the Jovian syn-
chrotron radiation. In Section 6.2.2, we discuss causes of this enhancement
event.
5.2 Characteristics of long-term variation
Figure 5.27 shows long-term variation of the JSR flux observed at a fre-
quency of 327 MHz. Yearly average fluxes roughly show a decreasing trend
from 1994 to 1998 and an increasing trend from 1999 to 2004. Bolton et al.
[2002] indicated that the amplitude of long-term variation is larger than that
of short-term variation from the 2.3 GHz observation. From the observation
results at a frequency of 327 MHz, the amplitudes of short-term variations of
1994, 1995 and 1996 are larger than the amplitude of the long-term variation.
It may be a characteristic of low frequency, though the amplitude more ob-
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7/15 JST 3:51 ~
7/16 JST 3:47 ~
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Figure 5.23: Comparison between the data at Kiso and Fuji. The figures repre-
sent observed data at Kiso (left) and Fuji (right) for July 14, 1998 (top), July 15,
1998 (middle) and July 16, 1998 (bottom).
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Figure 5.24: JSR flux variations observed at Kiso (left) and Fuji (right).








Figure 5.25: Comparison between the beam widths of the observed enhancement
data and theoretical values for Kiso (left) and Fuji (right). Black line indicates a
theoretical beam pattern for a point source. The beam widths almost correspond



























3:57 4:27 (JST)4:07 4:173:47
Figure 5.26: Comparison of observed time at Kiso and Fuji.
servation results, in particular for 1997 - 2001, are needed to further confirm
this characteristic.
From Figure 2.22, the JSR flux observation at 13 cm wavelength also
indicated a decreasing trend from 1994 to 1998 and an increasing trend from
1998 to 2001(Bolton et al. [2002]). Thus, both the observation data at
low and high frequencies showed almost same trend. It is possible that the
difference of frequency of the JSR affected short-term variation than long-
term. In Section 6, detail of the long-term variation and possible driving
mechanisms are discussed.




















Figure 5.27: Long-term variation of the JSR flux observed at a frequency of 327
MHz.
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Chapter 6
Discussion
In Chapter 5, characteristics of short-term and long-term variations of
the JSR at a frequency of 327MHz are shown. In this chapter, we consider
the mechanisms of these variations using the equation of the synchrotron
radiation
6.1 Long-term variation
6.1.1 Comparison with solar and solar wind parame-
ters
As showed in Section 2.5.1, the long-term observation of JSR flux with
DSN at a frequency of 2295 MHz revealed the JSR flux correlates with solar
wind ram pressure in the time scale of about 11 to 12 years till early 1990’s.
However, after 1991, these data have no clearly correlation. We examine the
relations between the JSR flux variation and solar wind parameter about our
data. Because Miyoshi et al. [1999] showed the JSR flux variation is related
to the intensification of the solar UV/EUV as a causality of the short-term
enhancements, it might be possible that the long-term JSR flux variation
at a frequency of 327 MHz has correlation with the long-term variation of
the solar F10.7 flux. We therefore made comparison between the solar F10.7
flux and the long-term variation at a frequency of 327 MHz in addition to
comparisons with the solar wind parameters.
Figure 6.1 shows variations of F10.7, solar wind ram pressure, the ob-
served JSR flux variation, and the average flux of JSR at a frequency of 327
MHz for 1994-2005. As the result, it is difficult to explain that the long-term
93
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variation is caused by the alternative of the solar wind ram pressure or the
solar F10.7 flux. However, the observed JSR flux variation has similar trend
with the solar ram pressure for 1995 - 1998, and with the solar F10.7 flux
for 1998 - 2001. Between 1995 and 1998, the solar wind ram pressure values
were increasing and larger than those of other periods, while, between 1998
and 2001, the solar F10.7 flux values were larger than those of other periods.
Therefore, it might be able to be expressed that both the solar ram pressure
and the solar F10.7 flux influence the JSR flux variation when either flux is
intensive.
6.1.2 Comparison with the observation result at a fre-
quency of 2295 MHz
As indicated in Section 5.2, the JSR flux at a frequency of 2295 MHz also
indicated a decreasing trend from 1994 to 1998 and an increasing trend from
1998 to 2001. Figure 6.2 shows the comparison of the observation results
between at frequencies of 327 MHz and 2295 MHz. These variation trends
are similar but there is clear difference between these data in 1996. The JSR
flux at a frequency of 2295 MHz kept decreasing between 1995 and 1998. On
the other hand, the JSR flux at a frequency of 327 MHz indicated increase
in 1996. To investigate the cause of this difference, we calculated the JSR
flux intensity using a particle distribution model.
The power of synchrotron radiation
In the calculated of JSR flux intensity from a particle distribution, it is
assumed that the electrons with pitch angle 90◦ are only adopted for the rea-
son that the most electrons have pitch angle near 90◦ in the Jovian radiation







N(E,L)P (E, f)/A(r, ξ)dEdL, (6.1)
where E is the kinetic energy of an electron, r is a distance from Jupiter to
an observer and ξ is a hollow cone angle of synchrotron emission. N(E,L)
is electron number density at a position of L, P is the power of synchrotron
radiation emitted from an electron and A represents the emission area.
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Figure 6.1: The solar F10.7 flux, the solar wind ram pressure, the observed JSR
flux variation and the JSR flux average for every year at a 327 MHz. The solar
and solar wind parameters are recalculated to the values at the position of Jupiter.
The SL9 impacts were happened during the observation term of 1994. These data
indicate the solar wind ram pressure and the JSR flux variation have similar trend
for 1995 - 1998 ( blue area) and the solar F10.7 flux and the observed JSR flux
are similar trend for 1998 - 2001 (pink area).
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Figure 6.2: The top panel is the JSR flux variation at a frequency of 2295 MHz
(Santos-Costa et al. [2007]) and the bottom panel is that of 327 MHz (this study).
These observation results indicate similar trend between 1995 and 2001.
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Figure 6.3: Radial dependence of Jupiter’s relativistic electron flux model (Di-
vine and Garrett [1983]).
Relativistic electron distribution
In this study, we use a relativistic electron distribution model proposed
by Divine and Garrett [1983]. This electron distribution model was made
with the in-situ observation data from Pioneer 10, 11, Voyager 1, and 2.
Figure 6.3 shows a radial profile of the relativistic electron distribution. We
assumed the parameter range of L is from 1.1 to 7.0 and energy of relativistic
electron is from 0.1 to 40 MeV.
Total power of synchrotron radiation from an electron
As reviewed in Section 2.4.1, the power of synchrotron radiation emitted
from an electron with energy E is given by

































The synchrotron critical frequency fc is given by
fc = 16.08BE
2 sin α [MHz]. (6.5)
CHAPTER 6. DISCUSSION 98
We assumed the Jovian magnetic field is a simple dipole around the ra-
diation belt. Therefore, B is simply given by
B = 4.225 × 1
r3
[Gauss]. (6.6)
Where r is in the unit of the Jovian radio. These parameters are used to





Difference of the JSR flux intensity between 327 MHz and 2295
MHz
Figure 6.4 shows the calculation result of the JSR total flux from 100
MHz to 5000 GHz. The flux intensity is normalized by that at a frequency of
327 MHz: the flux value at 327 MHz is equal to 1. The JSR flux intensity at
a frequency of 2295 MHz is 0.88 times as large as that at 327 MHz. The JSR
flux intensity at 2295 MHz in 1995 was about 4.6 Jy from Santos-Costa et al.
[2007] while at a frequency of 327 MHz, the average of the JSR flux intensities
was 5.1 Jy during the observation term in 1995 from our observation result.
Therefore, the ratio of the intensities between 327 MHz and 2295 MHz was
0.90 and is nearly equal to the calculation result with the particle distribution
model.
In this study, we assumed that the particle distribution in 1995 is the
same as the Divine and Garrett particle distribution model. In case of the
1996 data, however, the JSR flux intensities varied both at 327 MHz and
2295 MHz; i.e., the flux intensity at 327 MHz increased to 6.2 Jy, while
that at 2295 MHz decreased to 4 Jy. We examined what kind of changes in
particle distributions are required for the observed variations of the JSR flux
intensities at 327 MHz and 2295 MHz in the following section.
Radial diffusion effect in the Jovian radiation belt
It is proposed that the electron transport in the Jovian radiation belt
is caused by the radial diffusion (Brice and McDonough [1973], de Pater
and Goertz [1994]). According to the total flux model of this study, when
electrons are simply transported inward by ∆L = 0.01 with no energy charge,
the flux intensities of 327 MHz and 2295 MHz both increase 1.0 % and 1.3
%, respectively (see Figure 6.5).
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Figure 6.4: The JSR flux intensity calculated with the Divine and Garrett
model. The JSR flux intensity is normalized by that at a frequency of 327 MHz.
When the electrons are transported inward by the radial diffusion, the
JSR flux intensity increases by energization of electrons. The amount is
given by the following equations.







where v⊥ is a perpendicular component of electron velocity to the local mag-
netic field, m is mass of electron and B is the magnetic field intensity. In
this study, because the electron pitch angle is only thought to be 90◦ , v⊥ is
equal to v.
When the electron velocity is near the light speed (v ≅ c), the first





where a is a constant. When B is thought as the dipole magnetic field, E is















where a′ is a constant. From Equation (2.11), the total power emitted from
electrons P0 is given by
P0 =
∑





Therefore, when the distance of electron transport is given by ∆r, the
variation of total power P ′ is given by
P ′ =
∑ (


































From Equation (6.18), if the electrons in the Jovian radiation belt are
transported inward by 1 %, the total power of the JSR flux intensity increase
by about 10 %. Next, we consider the loss effect of relative electrons in the
Jovian radiation belt.
The effects of electron loss process
The energy loss rate of relativistic electron (−dE/dt) by synchrotron
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Figure 6.5: The JSR flux intensity calculated with the Divine and Garrett
model (black line). The JSR flux intensity is normalized by that at a frequency of
327 MHz. The JSR flux intensity when the electrons are transported inward by
∆L = 0.01 with no energy charge (blue line). The JSR flux intensities increase by
1.0 % at 327 MHz and by 1.3 % at 2295 MHz.
The integration part is calculated as 8π/9
√
3. Therefore, the energy loss





















where B is the magnetic field intensity (Akabane et al. [1988]). The time
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Figure 6.6 shows the life time for the synchrotron process. From the
calculation result, it is indicated that the synchrotron loss rate is larger for
higher energetic electrons and at smaller L-values. It may be explained that
the difference of the JSR flux variation between 327 MHz and 2295 MHz is
caused by the radial diffusion and synchrotron loss process. As can be seen
in Figure 6.7, the JSR flux intensity at a high frequency depends on high
energy electrons. The most effective energy of the JSR flux variation at a
frequency of 327 MHz is about 6 MeV and that of 2295 MHz is about 17 MeV.
For example, the life time of an electron with energy of 6 MeV at L = 1.6
(center of the Jovian radiation belt) is almost 3 times as long as that of an
electron with energy of 17 MeV. The suggested scenario is following. At a
certain time, relativistic electrons were plunged inward by an intensive radial
diffusion. Afterward, higher energetic electrons were decreased more speedy
and largely the synchrotron loss. Therefore, the JSR flux intensity at a 2295
MHz decreased, while that at 327 MHz increased as were observed from 1995
to 1996. Santos-Costa et al. [2007] also shows that the JSR flux increases
in the model simulation in which the JSR flux intensity is calculated with
the particle injection and radial diffusion for 1996 (see Figure 2.21). This
is just a simple and qualitative scenario, so the confirmation will be needed
in further observations such as more continuous observations in the wide
frequency range to reveal energy dependent variations more continuously.
The future works are proposed in Section 6.3.
6.2 Short-term variation
6.2.1 Comparison with solar and solar wind parame-
ters
As showed in Chapter 5, it is clarified that there are the short-term vari-
ations at a frequency of 327 MHz. It is previously suggested that cause of
these variations is variation of solar activity (e.g., Miyoshi et al. [1999]).
Therefore we examine the relations between the JSR flux variations and so-
lar / solar wind parameters. These comparisons for the 1994 - 2001 data
are shown in Figures 6.8 ∼ 6.15. The solar and solar wind parameters were
derived for the position of Jupiter.
Miyoshi et al. [1999] indicated the JSR flux variation is related to the in-
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Figure 6.6: The lifetime for the synchrotron loss process calculated from Equa-
tion (6.26) (Courtesy of F. Tsuchiya).














Figure 6.7: The ratio of the electron energy contribution for the JSR flux in-
tensity at L= 1.6 where the most intense JSR flux intensity is usually observed
(purple line :327 MHz, green line: 2295 MHz).















Day of year (1994)
Figure 6.8: The observed flux of JSR (top) and the solar F10.7 flux at the
position of Jupiter. In this term, the solar wind parameters are absent.
tensification of the solar UV/EUV as a causality of the short-term variations
at a frequency of 2290 MHz. However, it seems that the relation between the
JSR flux variations and solar wind / solar F10.7 flux variations isn’t obvious.
To examine the relation in detail, the linear correlation of JSR flux and the
solar F10.7 flux is shown in Figure 6.16. It may seem that there are some
correlations for the data of 1998 and 2001, but the correlation is how for the
most of the data. These results suggest that there may be some causalities
other than solar / solar wind variations for the JSR flux variations. We need
more observation results to verify the correlation features and investigate the
causalities.
6.2.2 Amplitude of the variation
As indicated in Section 5.1.2, one of the distinct characteristics of the
short-term variations is amplitude of the variation. The short-term variations
at 2.3GHz are reported by Miyoshi et al. [1999] and Bolton et al. [2002].
These results indicated the amplitude of JSR flux variations are about 0.5
Jy. On the other hand, the amplitude of JSR flux variations at a frequency
of 327 MHz is typically 2 ∼ 3 Jy and varies within a few days.
So far, the radial diffusion is considered as a possible transport mechanism
of relative electron in the Jovian radiation belt. In the theoretical treatment
of the diffusion, the phase space density f(µ, L, t) is given by the Fokker-plank
Equation (2.15). When the inward diffusion of relativistic electrons occurs,
enhancement of the phase spase density at a certain energy depends on the
phase space density at the energy which varies to the certain energy after















































Day of year (1995)
180 200 220 240
Figure 6.9: The observed JSR flux in 1995 (top) and solar wind parameters
at Jupiter (middle) and the solar F10.7 flux (bottom) at the position of Jupiter.
Solar wind parameters represent density N (/cc), temperature T (×1000K), speed
(radial component) Vr (km/s), radial component of IMF Br (nT), latitudinal com-
ponent of IMF Bt (nT), ram pressure NV**2 (km2/s2/cc), and longitudinal com-
ponent of IMF Bp (nT). The solar wind data was provided by the Solar Terrestrial
Environment Laboratory (STEL), Nagoya University.
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Figure 6.10: The observed JSR flux in 1996 (top), solar wind parameters (mid-
dle) and the solar F10.7 flux (bottom) at the position of Jupiter. The data format
is the same as Figure 6.9.
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Figure 6.11: The observed JSR flux in 1997 (top), solar wind parameters (mid-
dle) and the solar F10.7 flux (bottom) at the position of Jupiter. The data format
is the same as Figure 6.9.

















































Figure 6.12: The observed JSR flux in 1998 (top), solar wind parameters (mid-
dle) and the solar F10.7 flux (bottom) at the position of Jupiter. The data format
is the same as Figure 6.9.




















































Figure 6.13: The observed JSR flux in 1999 (top), solar wind parameters (mid-
dle) and the solar F10.7 flux (bottom) at the position of Jupiter. The data format
is the same as Figure 6.9.




















































Day of year (2000)
280 290 300 310
2000
Figure 6.14: The observed JSR flux in 2000 (top), solar wind parameters (mid-
dle) and the solar F10.7 flux (bottom) at the position of Jupiter. The data format
is the same as Figure 6.9.














Day of year (2001)
2001
Figure 6.15: The comparison with the observed JSR flux in 2001 (top) and the
solar F10.7 flux at the position of Jupiter (bottom). In this term, the solar wind























Figure 6.16: The linear correlation of JSR flux and solar F10.7 flux .
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the diffusion. Based on the generally accepted phase space density model
proposed by Divine and Garrett [1983], the JSR flux increases with almost
the same amplitude for 327 MHz and 2.3GHz. To explain the difference of
JSR flux amplitude between the low and high frequencies, we may need to
consider other acceleration mechanism that have dependence on energy of
relativistic electron.
Furthermore, the JSR flux at a frequency of 327 MHz shows flux decrease
by 2 ∼ 3 Jy within a few days. There is also no loss mechanism which can
explain this rapid and large JSR flux decrease. From the observation results
at a frequency of 327 MHz, we may also need to consider the acceleration
and loss mechanisms. Future observations to clear these acceleration and
loss mechanisms are discussed in Section 6.3.
The unusual enhancement
As shown in Section 5.1.3, an unexpected flux enhancement was foundfor
the data of July 15, 1998 (JST) and it is suggested this enhancement origi-
nated from Jupiter, possibly as the synchrotron radiation. The flux is about
9 times larger than usual JSR flux values and the duration is less than 2
days. There has been no such enhancement for 1994 - 2005 at a frequency of
327 MHz except this event, and there has been no report on similar events
by high frequency observations. In this study, we compare the JSR flux en-
hancement with solar wind parameters, solar F10.7 flux, solar X-ray, high
energetic electron in interplanetary space, Jovian HOM event, and Jovian
magnetic field data.
The solar parameters, solar F10.7 flux and the JSR flux for the enhance-
ment event are shown in Figure 6.12. Unusual variations relating to the event
are not found in the solar parameters and solar F10.7 flux. Figure 6.17 shows
the JSR flux variation and solar X - ray around the term of the event. An M
class flare event happened on July 14 at 12h (UT). It was the largest event
in this term but the degree was not so unusually prominent. Therefore it is
difficult to consider that this flare triggered off the unusual JSR flux event.
From the comparison with solar and solar wind data, it seems that the their
activities were ordinary. We also compare the unusual event the phenomena
originate in Jupiter.
We compare the JSR flux with energetic particle data by IMP8 (Inter-
planetary Monitoring Platform 8). Figure 6.18 shows the result. In the data
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Figure 6.17: The JSR flux variation (top) and X-ray plot contains five minute
averaged X-ray flux as measured by GOES 8 and 9 in two wavelength bands, 0.05
- 0.04 and 0.1 - 0.8 nm (bottom). The letters A, B, C, M and X refer to X- ray
event levels for the 0.1 - 0.8 nm band.
of IMP8, the Jovian electron signal was rather weak and was swamped by
solar electrons occurring during solar active periods, however we can obtain
information on activity of high energetic electrons originated in Jupiter. Be-
cause the solar electron spectra are generally softer than the Jovian electron
spectra, we can distinguish the Jovian electron signal by the ratio of low and
high energetic particles. Therefore, in Figure 6.18, when the ratio is less than
1.5, these particles can be considered to originate from Jupiter. Thus, the
high energetic electrons were also ordinary.
Figure 6.19 shows the radio f-t diagram observed by WIND on July 14,
1998UT. When the JSR flux enhancement was detected, a Jovian HOM
event was also detected. Moreover, the magnetic field data is also compared.
Figure 6.20 shows Galileo/MAG observation data. It seems that Jovian
middle magnetosphere was more activity for July 14 (UT).
From these data, the followings are summarlized on the origin of the JSR
flux enhancement event.
• During the time period of the enhancement, we found no serious activ-
ities in solar X-ray, UV/EUV (F10.7), and solar wind data. The result
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Figure 6.18: Flux of 2.0 - 12 MeV and 12 - 50 MeV electrons observed by IMP
8 (middle) and their ratio (bottom). The ratio is considered to be an indicator
inferring the particle origin: the ratio below 1.5 represented by red line suggests
particles originated from Jupiter
infers that solar activities might not be causalities of the enhancement
event.
• Relatively large magnetic field fluctuations in the middle magneto-
sphere and active HOM wave which was thought to be radiated from
the inner magnetosphere were detected during the time period. There
might be some global disturbances in the Jovian magnetosphere.
To generate large enhancement of the JSR flux, the distribution of rela-
tivistic electrons needs to vary considerably. We considered a possible vari-
ation of relativistic electron distribution using Equation (6.18). Because the
flux increased by 9 times, ∆r is estimated to be about 22 %. Therefore, if
the radial diffusion caused this enhancement, the electrons are plunged in-
ward about 22 %, and then the electron distribution must be returned to the
original one immediately. However, it may be quite difficult to plunge and
return the relative electrons so largely in the Jovian radiation belt within
1 or 2 days. A conceivable cause of the rapid variation of the relativistic
electron distribution in the Jovian radiation belt is a local particle acceler-
ation dissipation of only in the innermost radiation belts where changes of
distribution is easy to be reflected to the JSR flux due to intense magnetic
field, and rapid particle losses occurs due to short life times. Though such
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Figure 6.19: Radio f-t diagram of July 14, 1998 observed with WIND/WAVES.
The WIND satellite was located in the upstream region of the earth at a distance
of about 90Re.
processes originated in the innermost Jovian radiation belt have not been
reported, if there are, they may give a possible explanation also for the rapid
increase/decrease of the JSR flux characterized in the short term variations
at 327 MHz.
Because the unusual enhancement is reported only one time, it is difficult
to determine the causes of this enhancement. We expect further reports of
such a flux enhancement event and discussions on the mechanism.
6.3 Future works
In this study, we indicate possibilities of existence of an acceleration mech-
anism which depends on the energy of relativistic electron and a loss mecha-
nism which causes the rapid JSR flux decrease within 2 or 3 days. To exam-
ine the existence of the acceleration mechanism, the spectrum observation is
needed because the JSR flux values at various frequencies give information
on the energy spectrum and the variations of relativistic electrons. Moreover,
regular spectrum observations at the time interval of less than 1 day are also
needed in order to obtain information of energy dependent loss mechanism
which causes the rapid JSR flux variations with the time scale of a few days.
In Section 6.2.2, we suggested the acceleration dissipation might originate in
the innermost Jovian radiation belt. To examine whether this unidentified
process exists, the spatial distribution is also needed to be observed. We
expect the remarkable progress of study of the Jovian radiation belt by these
observations and theoretical approaches based on model calculations, such
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Figure 6.20: Galileo/MAG observations during July 10 to July 20, 1998. From
upper to bottom, radial, latitudinal, and azimuthal components of magnetic field
and total magnetic field intensity are shown.
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as a 3D radial diffusion model with local enhance/reduce processes.
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Chapter 7
Conclusions
The JSR is a radio wave emitted from the relativistic electrons in the
Jovian radiation belt at a frequency range between about several tens MHz
and 22 GHz, which has information of dynamics of high energy particles and
electromagnetic disturbances in the Jovian inner magnetosphere.
A steady observation of the JSR has been started at a frequency of 2.3
GHz since 1971. From these observations of the JSR flux at high frequencies,
it have been recognized that the JSR flux varies with both long and short-
term. On the other hand, the JSR flux observation at lower frequencies have
not been generally made except in some campaigns such as the SL9 impacts to
Jupiter. This is mainly because the intensity of galactic background radiation
is dozens of times higher than that of the JSR at low frequencies, and the
evaluation of the background confusion is not easy. As a result, variation
characteristics at high frequencies have been cleared to some extent by many
observations particularly at 1.5 and 2.3 GHz, but the variation characteristics
at low frequencies below 1 GHz have been little known yet.
In this thesis, we focus on low frequency characteristics of the JSR. An
observation of the JSR gives information on the electron flux variation at
the energy corresponding to the frequency. Therefore, the lack of the JSR
observations at low frequencies has obstructed our understanding on the
dynamics and energetic of relativistic particles in the Jovian radiation belt.
We therefore purpose to elucidate characteristics of the JSR flux variation
at a frequency of 327 MHz and reveal unknown dynamics of several MeV
electrons.
The regular observations of the JSR have been made at a frequency of
327MHz since 1994 by using parabolic cylinder antennas at the Kiso and Fuji
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observation sites of the Solar Terrestrial Environment Laboratory (STEL),
Nagoya University. These systems have some instrumental advantages for
the observation of the JSR; i.e., high sensitivity and narrow beam width.
However, the observed JSR flux includes apparent variation due to inevitable
system gain and receiver temperature variations of the radio receiving system.
On the JSR flux observations using the STEL systems at 327 MHz, we
have taken account of the followings to derive the JSR flux as accurate as
possible: 1)elimination of large galactic background noise (BG) and 2)eval-
uation for the variations of system gain and temperature. Concerning the
first term, we have made two step observations to derive the JSR flux; at
the first step we observed Jupiter, and at the next step we observed the
same celestial position again after Jupiter’s movement. By subtraction of
the both observation data, we could derive the only JSR flux. Concerning
the second term, we have made quasi-simultaneous observations for Jupiter
and a reference calibration source using the fast beam switching function of
the STEL systems. By using the two data sets for Jupiter and the reference
calibration source, we could eliminate effect of system temperature variation
and evaluate system gain variation. The observation using the STEL system
gives the JSR flux as a relative value to the flux of a reference calibration
source. In order to derive absolute flux of JSR, we have estimated absolute
flux of the reference calibration source using the IPRT, Tohoku University
which enables to derive absolute radio flux with the self-calibration function
for the system gain and temperature. Thus, we could derive absolute JSR
flux successfully.
From this analysis, we can obtain characteristics of short-term and long-
term JSR flux variations. Characteristics of the short-term variations and
their expected causalities are summarized as follows.
• The JSR flux shows large amplitude variations of 2 ∼ 9 Jy typically
and varies 2 ∼ 3 Jy within a few days.
• These amplitude variations are much larger than those at 2295MHz
for the same observation terms. This difference of JSR flux variations
between high and low frequencies can’t be explained by the simple
radial diffusion process. To explain the difference, it may be needed to
consider other acceleration mechanisms that have energy dependence
of relativistic electron.
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• It has been suggested that the JSR short-term flux variation is related
to solar F10.7 flux at 2295 MHz. However, it seems that the relation
between the JSR flux and solar F10.7 flux variations isn’t obvious at
327MHz particularly at low F10.7 flux, and this is the same for solar
wind variations. This result suggests that some causalities other than
solar / solar wind variations generate the large and rapid flux variations
of several MeV electrons radiating the JSR at 327MHz.
• An event with rapid and unusual enhancements of JSR flux intensity
was confirmed on July 15, 1998 (JST). The flux was about 9 times larger
than usual JSR flux values and the duration was less than 2 days. A
conceivable cause of this enhancement is a local particle acceleration/
dissipation occurred only in the innermost part of the radiation belts.
Though such processes have not been confirmed yet, an investigation of
expected localized variable radiation regions might be one of the future
observation targets.
The characteristics of long-term variations are also derived for 1994 - 2005.
The characteristics of the long-term variations and their expected causalities
are summarized as follows.
• Yearly average fluxes roughly show a decreasing trend from 1994 to 1998
and an increasing trend from 1999 to 2004. The JSR flux observations
at 2295 MHz for 1994 - 2001 also indicated similar trends to those at
327MHz. A simple correlation analysis between the JSR flux and solar
F10.7 / solar wind parameters infers that the both factors influence on
the JSR flux variations at least when either factor is intense enough to
cause the variations.
• There was one clear difference in the long-term trend for 1994 - 1998
between the observation results at 327MHz and 2295MHz: the flux
of 327 MHz increased while the flux of 2295 MHz decreased in 1996.
One possible explanation of the difference is as follows. The variation
features at low and high frequencies infer that some enhanced particle
accelerations affecting for relativistic electrons with a wide energy range
might occur between the 1995 and 1996 observation periods, and the
difference might be caused by the energy dependent loss process, such
as the synchrotron radiation loss.
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In this study, we indicated possibilities of existence of an acceleration
mechanism which depends on the energy of relativistic electrons and a loss
mechanism which causes the rapid JSR flux decrease within a few days. To
confirm the existence of this acceleration mechanism, we need to observe the
JSR flux spectrum because difference the frequency of JSR flux reflects the
difference of contributed electron energy. Moreover, to confirm the existence
this loss mechanism, a steady observation with the time resolution of within 1
day at a wide frequency range is needed. We expect future progress of study
of the Jovian radiation belt by these observations and model simulations.
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